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SUMMARY 

To meet future energy needs, the energy supply must be fossil free as well as available when required. Wind and 

solar are becoming economically compatible but are not always available when there is demand. Energy 

flexibility is a potential solution for their intermittency. This paper employs the ECCABS model and TIMES-

City model to identify the impact of temporal resolution (TR) in analyzing the energy flexibility of building stock. 

The ECCABS model is used to simulate the buildings energy demand profile, while the TIMES model is used to 

assess the least-cost solution for meeting the energy demand over time. The TIMES model is run with different 

temporal resolutions (12, 72, and 216 slices per year), in order to identify their influence on the energy system 

analysis. 

Key-words: Energy flexibility, Building stock, Energy System Optimization Models (ESOM), Time resolution 

 

INTRODUCTION  

EU aims to achieve climate neutrality by 2050 [1]. The greenhouse gas (GHG) emission levels must be reduced 

substantially to achieve this target [2]. Energy system analysis is a prerequisite for achieving this ambitious target. 

Energy system optimization models (ESOM) can be used to assess the energy transition and identify the 

interactions between various attributes of the energy system including resources, technologies, storage, cost, and 

emissions [3]. TIMES (The Integrated MARKAL-EFOM System) is a techno-economic model generator that is 

used to analyze the energy demands in different sectors, (e.g., residential lighting, commercial heating, etc.) [4].  

The building stock is responsible for 28% [5] and 3.5% [6] of CO2 emissions globally and in Sweden 

respectively. The reason for the relatively small distribution of GHG from buildings in Sweden is that the 

buildings are mainly heated by district heating and electricity. Nevertheless, many buildings have the ability to 

be energy flexible, which has become more important [7]. For buildings, flexibility is defined as the ability to 

shift their energy consumption away from ñpeak periodsò [8]. Buildings can act as prosumers and have the 

capacity for storing energy as well. These capabilities along with energy flexibility can be employed to tackle the 

intermittency of renewable resources, reduce peak demand and shift the load. The literature mostly explores the 

energy demand and energy end use of buildings stock at fixed temporal resolution (TR) [9] &  [10]. However, in 

this work, the focus is on the buildingôs overall energy demand and the impact of TR on energy system analysis.  

In this paper, we aim to identify how the representation of buildings in comprehensive ESOMs could be 

improved, in order to better capture the energy flexibility of buildings while assessing the energy transition of 

municipalities. This includes the role of TR, spatial resolution, and division of demands. Municipalities have a 

key role in shaping the infrastructure of the local energy system [11]. Here, we apply a city level ESOM based 

on the TIMES modeling platform [4] on the city of Eskilstuna in Sweden. The ECCABS model (Energy, Carbon, 

and Cost Assessment for Building Stocks) is employed to simulate the energy demand for the residential building 

stock of the city. The data from ECCABS is fed to the TIMES model for further analysis. The city of Eskilstuna 

had a population of 106 975 in 2020 and is growing in size [12]. The annual population increase was nearly 1% 

during the last decade [12]. The building stock and energy demand are increasing steadily following the 

population rise. This changing energy system makes Eskilstuna an ideal choice for the study. 
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MODELLING METHODOLOGY 

ECCABS MODEL: 

The general objective of the ECCABS model [13] is to explore various energy saving measures (ESM) on 

buildings and analyze their outcome in terms of energy, GHG emissions, and costs. However, the ESMs are not 

considered in this study, rather weightage is given to the impact of TR on energy analysis. 

 

MODEL STRUCTURE 

The ECCABS model consists of two parts:  

Simulink model, which includes the simulation & optimization modules and solves the energy balance for the 

buildings and provides the energy demand 

Matlab Code, which handles the input and output data from the Simulink model and extends the results to the 

building stock  

Fig. 1 shows the model structure. Input data is specified at 1 hour resolution and is fed to the model by the input 

module. Input data includes physical building data (e.g., area of heated floor, window area, heat loss coefficients, 

ventilation details, etc.); climate data (outdoor and indoor temperature, etc.); existing energy system data (e.g., 

grid details, etc.); and further details to decide on scenarios and ESMs (e.g., constraints on cost, human labor etc.) 

In the simulation module, the energy performance of the building stock is calculated together with the potential 

energy savings, costs, and associated CO2 emissions. The module takes into account the thermal mass of the 

building at each time step (1 hour resolution) and extends the results to the building stock in the city. In the 

optimization module, selected ESMs are implemented over a timeline following various technical and 

economical reasoning [14]. The output from optimization includes demands by end-uses and demands by fuels 

(highlighted in yellow in Fig. 1). This data is used as input in the TIMES-City model. 

Fig. 1 Structure and workflow of ECCABS Simulation Model [14] 

 

TIMES-CITY MODEL 

TIMES-City model [11] was developed within the SureCity EU EraNet project as a tool for enabling cities to 

achieve their sustainability targets [15]. The TIMES-City model is based on the TIMES energy system 

optimization framework. It aims to provide support for efficiently integrated mid-to-long term energy and 

resource planning at the city level. This encompasses all the steps from resource extraction, transformation, 

transport, distribution, and energy conversion to the provided energy services. The model also includes existing 
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and new technological options to meet future energy demand while fulfilling the energy and environmental 

targets such as reduction of CO2 emissions or increased use of renewables at the local level. The TIMES-City 

model allows users to study in detail the energy composition for different city zones at the sectoral level. Users 

can split the city by geographical zones to distinguish, for example, the residential areas from the commercial 

and industrial areas. Additionally, it is possible to set in each zone the end-use energy demand for the different 

sectors and subsectors (apartments, houses, etc.).  

 

TIMES models include two special dimensions, one is the model time horizon and the other, intra-annual time 

resolution referred to as TR in this study. There are tradeoffs between these two-resolution based on 

computational resources, data availability, and methodological constraints [16]. Being fed with the output from 

the ECCABS model, the TIMES-City model analyses long term (model time horizon) energy demand for the 

building stock in Eskilstuna. Three different TRs (intra-annual time resolution) are applied to the model 

separately, to identify the impact of TRs over energy system analysis. 

 

APPLICATION OF MODELS 

The developed ECCABS model is used to tune the building stock characteristics in the TIMES-City model. In 

order to align the two models, the residential building stock in the TIMES model and the ECCABS model are 

aggregated into eight different types based on area/size, type of heating system, and occupancy. The types are 

single family buildings connected to district heating (DH), single family buildings heated with heat pump (HP), 

single family buildings heated with other sources (boilers, direct electricity, etc.), multifamily buildings less than 

5 floors connected to DH, multifamily buildings less than 5 floors heated with HP, multifamily buildings more 

than 5 floors connected to DH, multifamily buildings more than 5 floors heated with HP, multifamily buildings 

more/less than 5 floors heated with other sources. All single family dwellings are aggregated to SFD and 

multifamily dwellings are aggregated to MFD in the results sections for comparison. 

 

Table 1 compares the ECCABS model and TIMES-City model. 

Table 1: Model comparison and specifications used in the study 

 

 

 

 TIMES-City ECCABS 

Aim of the model Long-term energy planning  Long-term energy demand perspective 

Kind of model Techno-economic ESOM of the comprehensive 

energy system, including GHG and air pollutants  

Energy, Carbon and Cost Assessment 

for Building Stocks  

Methodology Optimization (LP, cost-minimizing, dynamic) Simulation 

Model Structure Demand of energy-intensive services: Provided 

exogenous / Supply: Modelled endogenously 

Physical heating flows 

Spatial resolution 8 buildings categories in residential sector 8 different building archetypes  

Temporal resolution (TR) 12, 72 and 216 8760 

Time-horizon 2018-2050 (5-year interval) One year 

Cost inclusion All energy related cost Not applicable in the study 
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RESULTS 

PHASE I: ECCABS RESULTS 

ECCABS model is run with data from the timeline year (base year), 2018. Fig. 2 shows the modeling results for 

the energy delivered to buildings per energy use. For the reference year, 73% of delivered energy is utilized for 

space heating, whereas 9% is used for hot water supply and 18% for electricity. Figure 3 shows the modeling 

results for delivered energy per fuel type. The energy demand met by oil, coal, gas, and solar (thermal) is zero. 

Fig. 2: Delivered energy demand by end use (TJ) for the base year 

Fig. 3: Delivered energy demand by fuel type (TJ) for the base year 

 

Electricity and district heating appear as the two major sources of delivered energy in residential buildings in 

Eskilstuna. 70% of energy demand is met by district heating and 27% by electricity. 

PHASE II: TIMES-CITY RESULTS 

The delivered energy demand from ECCABS model is used to calibrate the base year for TIMES-City model for 

the city of Eskilstuna. The TIMES-City model is run for three different TRs; 12, 72, and 216 time slices per year. 

The model analyses energy supply and demand from base year till 2050. The model results from 12, 72 and 216 

TRs are aggregated into annual level for comparing results. In the analysis, the fuel name is given based on the 

energy commodity input. In the case of heat pumps, this is both electricity (RSDELC) and low-temperature 

source, e.g., ambient heat (RSDAHT) and ground heat (RSDGEO). Fig. 4 shows the resulting final energy 

demand per energy commodity to meet this demand of space heating, hot water and household electricity. It is 

evident from the figure that TR affects the resulting energy system. The fuel mix varies for different TRs. When 

nearly 60% of energy demand is met by ambient heat (air heat pumps) under 12TR, the geothermal energy 

(geothermal heat pumps) meet the about the same fraction of demand in 72TR and 216TR. The pattern of energy 

mix remains same across the model horizon. The general trend seen from the figures is that the lower resolution 

(12TR) has more air-to-air heating pump compared with higher time resolution (72TR and 216TS) which instead 

have more ground heat pumps (which is more expensive, but more efficient). There is no significant differences 

between 72TS and 216TS, which indicates that 72TS might be enough. To sum up, the energy system is 

dependent on the time resolution chosen to analyze the energy system and need to be further explored. 
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             RSD-residential; SOL-solar; HTH-district heating; GEO-geothermal; ELC-electricity; DST-diesel; BPL-bio pellets; AHT-ambient heat 

Fig. 4: Energy demand (TJ) by fuel type for different TRs 

CONCLUSION 

In the TIMES framework, the option to apply a higher TR offers the potential to generate additional powerful 

insights into the energy sector where fluctuations in supply and demand are significant, even though this feature 

alone is still less suitable for analyzing fully the dynamics of the sector. The work shows how time resolution can 

influence the analysis of energy system. It also gives an idea about the variation in choosing energy supply source, 

and investments decisions in different TR cases. In the study the characteristics of both models used are also 

discussed. 
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SUMMARY 

The expansion of renewable energy generation as well as extensive possibilities for energy storage are central 

cornerstones of a necessary energy turnaround. Thermal component activation can be a key component, as it can 

be used multifunctionally as a heating and cooling delivery system and as a storage system for fluctuating 

renewables. These applications not only offer enormous potential for the integration of renewable energies and 

waste heat, they also promise high economic attractiveness and impress with their simplicity in implementation, 

operation and use. 

 

AREAS OF APPLICATION 

Thermal component activation already has a long tradition. The first reports of heating and cooling ceiling 

systems appear as early as 1938, but they soon disappeared again due to the inadequate thermal insulation 

standards and poor control technology and system design of the time[1]. At the beginning of the new millennium, 

however, thermal component activation experienced a resurgence, especially in connection with cooling 

applications in office buildings. This development has continued and thermal component activation is also used 

as a space heating system, but often in combination of heating and cooling. This development has been supported 

by both specific research ([2] B. Glück, 1999 ; [3] M. Koschenz, B. Lehmann, 1999 ; [4] J. Pfafferott, 2015 ; [5] 

K. Kreļ. 2012) and by long-standing efforts of the Association of the Austrian Cement Industry in terms of 

building a knowledge base and standardization of planning procedures [6]. As a result, thermal component 

activation has established itself as an economical and ecological system for space heating and cooling. In recent 

years, complementary tasks for building component storage systems have led to new impulses. Specifically, 

thermally activatable building components have been discovered as storage systems for fluctuating renewable 

energies (solar thermal, photovoltaic-heat pump or wind power-heat pump combinations, etc.) and waste heat. 

Thus, the storage potentials available through thermal component activation can be used as flexibility options for 

increasing renewable supply levels as well as for more efficient use of higher-level infrastructures (heating and 

electricity grids, central generation capacities, etc.). In Austria, around 100 projects have already been set up, 

demonstrating the wide range of building applications and system concepts for thermal component activation. 

The range of buildings extends from single-family and multi-family houses to office and training buildings, event 

halls and gyms, and factory buildings. The different system concepts can be sorted in three fields of application: 

local renewable energy generation, connection with the electricity grid, connection with a heating grid. 

Utilization of locally generated renewable energy 

Due to its storage capability and low operating temperature, thermal component activation is predestined for the 

intermediate storage of renewable energy generated locally on the property (solar thermal, PV in combination 

with heat pumps, photovoltaic-thermal hybrid collectors (PVT collectors), small wind energy, small hydroelectric 

power, etc.), which can also be consumed locally to a high degree through this combination (high degree of self-

consumption). 

Use of renewable electricity from generation peaks from the grid  

Due to the increasing expansion of big wind and photovoltaic plants, there are increasingly times when more 

electricity is produced than demanded. This renewable electricity from generation peaks can be stored as heat or 

cold in component activation in combination with heat pumps. In addition, operation at times of high grid load 

can be avoided or moved to times of lower grid load and thus relieve the grid. 

mailto:w.becke@aee.at
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Flexibilization options in micro, local and district heating networks 

Thermally activated buildings also represent a flexibilization potential for local and district heating networks. 

Generation peaks from renewable heat generators in the heating network can be fed into these decentralized 

storage systems. Furthermore, thermal component activation has the possibility of smoothing power peaks and 

thus compensating to a considerable extent for both grid bottlenecks and insufficient generation capacities. The 

low operating temperature of component activation is also an advantage in connection with grid-bound heat 

supply: component-activated buildings can be supplied from the return flow of the district heating, which, in 

addition to the reduction of grid losses, leads to an increase in power capacities due to the resulting larger 

temperature difference between grid supply and return. Lower return temperatures also increase the efficiency of 

conversion systems (e.g. heat pumps, solar thermal, flue gas condensation, etc.). 

 

SYSTEM ASSESSMENT 

In order to accelerate the market introduction of thermal component activation in the still very new application 

as a storage system, within a national project it is intended to provide information about the performance of the 

storage and energy flexibility potential on the one hand, and to generate essential findings with regard to user 

comfort, user satisfaction, economic aspects in construction and operation as well as functionality of the process 

flows on the other. A portfolio of about 20 buildings was generated, characterized by high diversity, e.g. 

harmonized regional distribution, different building uses and sizes (residential, office & administration, 

accommodation, education, health care, manufacturing, warehouse, etc.), different construction methods and 

activated materials (concrete, brick, wood, clay), different ways of integrating renewable energies as well as 

different initial situations (new construction, renovation of existing buildings). Results from the monitoring of 

selected objects will be presented in the subsequent paper along with an assessment of their flexibility potential. 
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ABSTRACT  

This study considers the short term dynamics of substations of large utility buildings connected to a 5th Generation 

District Heating and Cooling (5GDHC) grid, allowing for seasonal thermal energy storage and independent bi-

directional consumption for all buildings. A hydro and thermodynamic model including the controllers are 

compared with a case study of utility buildings at Utrecht University where high frequency operational data is 

gathered. This provides new insights into improvements on the hydro/thermodynamics and control of the 

substation. A new control method for the heat exchanger and for the heat pump (HP) group is proposed to 

maximise the networks capacity.  

Keywords: 5th Generation District Heating and Cooling substation, ATES, high frequency operational data, 

operational stability, large utility buildings.  

 
INTRODUCTION  

District heating (DH) networks have been used since the late 19th century. The first generations were based on 

steam and high supply temperatures (Ts >100°C), resulting in large heat losses. Therefore, a shift towards lower 

temperatures has been made, where current research mainly focusses on 4th Generation District Heating networks 

(4GDH) (Ts <70°C) and 5GDH ( Ts <50°C).  

As 5GDHC networks operate at low temperatures, the substation design becomes more complicated (Buffa et al., 

2019). The return temperature to the grid is very strict, while simultaneously the heat/cold demand in large utility 

buildings might vary a lot. Research has mainly focussed on individual components of a substation or a complete 

grid. The connection is only roughly covered and (short term) control recommendations are not available 

(Pellegrini et al., 2018) (Buffa et al., 2021). However, these installations are more complex and have a wider 

variety of demand and responses, and consist of hybrid control, influencing the short-term stability.  

Connections from the utility building to the 5GDHC network provide strict restrictions, to allow for seasonal 

storage and/or the opposite heat/cold consumption in other buildings. At Utrecht University, the 5GDHC network 

is connected to Aquifer Thermal Energy Storage (ATES) wells, thereby there are strict limitations on the 

minimum and maximum temperatures that are allowed to be injected in the cold, respectively warm wells by law. 

Besides the minimum and maximum temperature it is important to not deviate too much from the preferred 

temperature to maintain the quality of the wells.  

Some of the known problems with the return temperature of 4GDH and its causes (Li et al., 2018) can also be 

considered for 5GHDC. Examples are short-circuited flows, low supply temperatures and setpoint errors. 

Furthermore, problems familiar to 4GDH, have interesting known issues and challenges, where the most issues 

regarding low return temperatures are a result of setpoint errors and control problems, however system design 

can also contribute to it (Nord et al., 2016). Here the need for better and more intense metering systems is 

highlighted to understand and undertake action on these problems and improve the systems performance. 

Additionally, set-point temperature errors and substation control are known problems in DH substations for 

proper return temperatures (Nord et al., 2018).  

 

We conclude from the literature survey that the control of substations in 5GHDC networks with bi-directional 

energy flows requires a lot more attention. The focus on the short term stability is a crucial aspect, as most of the 

literature is focussed on hourly heat demands. To contribute to this knowledge gap, we investigate the 

performance of a complex 5GDHC substation at the campus of Utrecht University, focusing on the short-term 

mailto:f.p.j.h.janssen@student.tudelft.nl


 

20 

 

stability of the hybrid control system. The analysis of high-frequency operational data reveals several 

improvements in the control design of 5GDHC substations.  

Chapter 2 (Materials and methods) introduces the substation in the innovative 5GDHC grid at Utrecht University 

Campus and summarizes our approach. Chapter 3 specifies the operational objectives of the substations in this 

5GDHC grid. Chapter 4 provides a data analysis of the case and the first advice. Chapter 5 highlights some of 

the results and possible improvements. Chapter 6 summarises our main findings. 

 

MATERIALS AND METHODS 

SUBSTATION DESCRIPTION AND CONTROL TYPE 

The substation and building considered in the case 

study are designed closely related to the Dutch ISSO 

ï 39 guidelines, specifically design 3.2, of which a 60 

simplified scheme is shown in Figure 1. Additionally, 

a separate group of cold demand (server rooms) is 

added, which can be cooled by the drycooler, the 

general cold building net and the 5GDHC network 

directly, depending on the operating conditions and 

outside temperatures. The case study consists of two 

heat pumps (HPs) in parallel with both four operating 

capacities, each rated at a heating capacity of 250 kW, both sides have a vessel to stabilize the temperature inflow 

(short cut the building) to the HPs as well as to provide a buffer for small demand fluctuations. The 5GDHC 

network is connected using two heat exchangers, one for heat and one for cold delivery, both having a large heat 

transfer area and coefficient, to allow a low approach temperature of 1 C to maximize the energy. In the design 

of this substation two separate heat exchangers are used because of the direct connection to the server rooms 

allowing for a simultaneous cooling and heating from the grid. When there is no separate connection for the 

server rooms required, these heat exchangers could be replaced by one heat exchanger with valves to reverse the 

flow direction. Furthermore, a drycooler is used to dissipate excess heat of the HPs when in cooling operation 

and to óload additional coldô to the 5GDHC grid in winter. Finally, there is a conventional heater (CH) for peak 

load conditions and the building heating and cooling network, where both the setpoints and the flows can vary 

with the demand. 

 

The control is of the substation is organised hierarchically, 

where the availability of the 5GDHC grid and the demand 

from the building is used as an input. The demand is only 

orchestrated by the flow and the temperature setpoint. The 

components have their own PID, cascade and maximum and 

minimum controllers, of which the setpoint might be set by a 

different group. A large portion of setpoints are relatively 

simple or set to a fixed flow. Other controllers or components 

show a more active participation towards the systems 

behaviour. A list of the active controllers and corresponding 

setpoints is presented in Table 1. The combination of a 

continuous dynamic system and allowing many components 

to  
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switch between specific operating conditions 

based on switch parameters is defined as a hybrid 

control class. Individual controllers might be 

stable, but that does not implicate that the overall 

system is stable as the switching can occur at 

multiple operating conditions. A simplified state 

transition scheme (drycooler not incorporated) 

which considers most of the switching conditions 

for the cooling side and heating side of the 

building are shown in Fig.2, respectively Fig.3. The cooling and heating side are separated in these schemes to 

provide a clear overview. The combination of cascade controllers with multiple objectives and switching 

conditions that seem contradicting or have other deficiencies, can have a tremendous effect on the substationôs 

performance. 

 

METHODS 

The problems observed by the operators of the substation are shortly discussed in section 3. These problems are 

mainly anecdotical and the overall operation of the substation seems to be below the requirements, the readily 

available data is analysed to determine the extent of the problems. Yearly data is available of every 15 minutes 

from the energy meters located at a few component groups. This data is limited as it does not show all operating 

conditions, nor can it show the short-term dynamics and the causes of problems. Thereby, high-frequency data is 

actively recorded, to allow for shorter time scales and a larger variety of sensors.  

Meanwhile, a model of the entire substation and its controls is built in WANDA, a simulation tool for 

transient/unsteady simulation combining the hydraulic, low-level control and thermodynamic calculations 

developed by Deltares (1993 - 2021). This model is used to verify the problems arising in practice and to 

determine the causes as well as possible solutions to improve the (control) guidelines for installing these 

substations.  

The proposed design methodology for designing these substations including the control aspect has been described 

by Khlebnikova, E., (2022), which most likely will already have mitigated some of the current problems. Thereby, 

part of this methodology is used in this study. Finally, the proposed solutions are modelled to determine their 

effectiveness. 

 

PROBLEM STATEMENT  

One of the challenges associated with this 5GDHC network, is the strict limitations on the return temperature to 

the grid as other buildings might be using the heated/cooled water directly and as well for the quality of the 

thermal wells, which was not a parameter for older generation heating grids. For the considered case study, the 

return temperature to the cold ring should remain below 7,5 C and to the warm ring above 16 C and below 24 C. 

These limits are often not met because of instabilities/inefficient control/complications in the substations, 

devaluating the quality of the storage wells and the systemôs efficiency and sustainability. Besides the network 

side, the requirements for the building are not always achieved with the preferred components. The consumption 



 

22 

 

of heat provided by the HP is preferred over a conventional gas heater however, currently the CH is in operation 

while the HP is not working at its full capacity, or is even forced to reduce its capacity because of too high return 

temperatures from the building. To improve these issues, flaws in the (control) design must be identified and 

guidelines for thermodynamic and control design of these substation have to be improved, to maximize the 

effectiveness of the thermal storage and the utilisation of the HP. The goals are: to maximize the utilization of 

the ATES system, thus reducing the heat consumption from other sources, to keep the return temperatures to the 

grid within the strict requirements, to maximize the efficiency of the complete substation. 

 

DATA ANALYSIS  

The yearly data provides an overview of current status of the substation and the high frequency data is used to 

determine the causes of common problems into more depth. The most notable results from the data analysis are:  

¶ The dry cooler is causing too high return temperatures to the cold ring when loading additional cold, 

which is a result of too high outside temperatures. The dry cooler itself is a heat exchanger, there is a 

heat exchanger between the glycol-water pipes and there is a final heat exchanger connecting the 

network, a sufficiently low outside temperature is required to ensure the 7°C return temperature to the 

grid. This arrangement requires that the outside temperature must be 3 °C at most to meet the temperature 

requirement.  

¶ Temperature requirements at the heat exchanger are violated at small part-load conditions, partially 

caused by start-up/shut-down produces, and short-cut flows over the buffer.  

¶ A setpoint temperature above the maximum temperature of the HPs causes the use of a CH, as well as a 

sharp setpoint increase, due to the slow response of the HPs, while the maximum capacity of the HPs are 

not yet used. Heat pumps basically never both run at full capacity, while the CH kicks in frequently.  

¶ The design of the control strategy generates undesired system performance, such as  

- combined temperature and flow setpoint variations from the demanders  

- frequent switching of heat and cooling supply resulting in a reduced share of energy produced by the 

HP and a violation of the temperature limits at the grid.  

- fluctuating temperatures at the warm heat exchanger are not stabilized, but enlarged at the secondary 

side, as the control is only focussed on the primary (grid) side. A solution for this is shown in Section 

5.  

¶ Heat pumps capacity fluctuations are caused by higher temperatures entering the HP as a result of low 

flow over the building, thus large shortcut flows over the warm buffer.  

¶ Th,set is determined as the maximum of all the groups of heat demanders and the temperature setpoint of 

each group is based on the position of the control valve, officially ranges from 35-55°C but, often reaches 

above 45°C. However, a larger opening of the control valve simultaneously also increases the flow and 

thereby there is a combined flow and temperature setpoint causing an increased heat demand.  

As the substation requires time to respond to an increase in the temperature setpoint, the desired heat is not 

delivered to the demanding group, causing it to increase the position of the control valve and thus the flow and 

temperature setpoint further. Once the temperature is reached, the control valve reduces its position quickly as it 

does not always desire as much heat continuously.  

 
HIGHLIGHTED RESULTS  

In this section some of the results are discussed in more detail and possible solutions for these problems are 

provided. The selected results are based on the main goals of system, ensuring the strict temperature limitations 

to the grid, and maximising the use of the 5GDHC network and thus the HP for the heating demand. In general 
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heat exchangers are only controlled 

at one outlet temperature by varying 

the flow (Bastida et al., 2019), as for 

5GDHC the return temperature to 

the grid is of importance, this side is 

controlled. This results in a properly 

maintained temperature limitations, 

or only slight exceedings when the 

flow is low, it is considered to work 

properly. However, the resulting 

return temperature to the substation 

can fluctuate a lot. Small 

fluctuations in the secondary supply 

temperature of the heat exchanger 

are enlarged in the secondary return 

temperature. These fluctuations are 

reduced again by the controls of the 

HP, but due to the size and 

frequency of the fluctuations, the 

temperature to the heat exchanger 

fluctuates slightly with a small 

exceeding of the temperature limits, 

causing this process to continue. 

Hereby, it is preferred that the heat 

exchanger is controlled at both outlet temperatures, to ensure that this influence of both component groups (HPs 

and HEX) performance, which continues the fluctuations and temperature exceedings, is smoothed out. 

Possibilities would be to reduce the gain, changing the flow setpoint such that a minimum return temperature to 

the substation is maintained or changing the setpoint of the return temperature to the grid such that this setpoint 

does not become lower than the supply temperature from the substation. A reduction of the gain is not preferred 

as the effect will be a slower response during normal operation.  

The choice to change the setpoint of the controller from 7°C to max(7°C, Th,sec,in) on the primary, grid, side of the 

HEX, avoids that the setpoint of the temperature returning to the grid is lower than what is entering on the 

secondary side, resulting in a slower reduction of the primary flow and thus keeping the return temperature to the 

substation higher. Another possibility is, to add a PID controller for the minimum temperature Th,sec,out, for 

instance min(12°C, Th,prim,in-1,5°C), this will ensure the minimum temperature on the secondary side if the 

maximum of this controller and the Th,prim,out controller is taken. Fig. 4 shows the effect of the different controller 

options on the temperature leaving the heat exchanger on both the primary grid and secondary substation side. 

Here it is observed that both controller options show similar temperatures on the primary side compared to the 

standard case, from which it can be concluded that these controllers do not cause unnecessary high return 

temperatures to the grid (Th,prim,out). In Fig. 4 differences on the secondary side between both controllers are clear; 

the adjusted setpoint causes a higher Th,sec,out and a shallower slope, while the additional controller on Th,sec,out 

causes the temperature to stay above 12°C, but the slope remains steep.  

Adaptation in the controllers also affect normal operation when temperature limits are exceeded and when they 

do not necessarily cause a fluctuating returning problem. This has to be considered in choosing between these 

measures.  

Larger mass flows are observed when temperature limits are exceeded for the controllers compared to the 

standard case, thereby carrying a larger energy quantity with exceeding temperatures, therefore mass flow should 

be minimised as much as reasonably possible, keeping all objectives in mind. Fig.4 presents that for both 

controller design, the primary flow does increase, but still remains at a low value. The flow is lower for Th,sec,out 

controller, however the sharp temperature slopes remain in place, which might be another disadvantage. In all, 

both controllers have a similar effect on the temperature leaving the evaporator .  
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The heat exchanger secondary output temperatures 

are used as an input value for the complete 

substation system. In Fig. 5 the temperatures 

leaving the HP as a result of Th,sec,out and the 

different controllers are shown, here it can clearly 

be observed that that the newly designed 

controllers in most cases enable to reduce Tevap,out, 

keeping it closer to 6°C, resulting in a smoother 

heat exchanger operation. The temperature 

violation just after 7000s is a result of a HP shut 

down.  

 

Switching parameters for cold/heat delivery of the 

5GDHC network should be chosen with a wider hysteresis and ensuring that during cold delivery, the cold HEX 

is not shut down if the buffer is just below the desired supply temperature if the HPs are turned off, as this desired 

supply temperature might be higher than the Tc,sec,out and would otherwise cause a sudden increase in the Tc,build 

supply temperature, having to be immediately be turned on 

again.  

 

Ensuring maximum use of the 5GDHC network and the HPs 

it is recommended to choose HPs that can reach the 

maximum setpoint temperature or that the setpoint 

temperature only increases above the HP maximum 

temperature when HPs operate at full capacity. This will 

allow for a higher percentage of the heat provided by the HPs. 

Fig. 6 shows the difference between the current HP (LT-HP) 

installed (up to 47°C) and a high temperature HP (HT-HP) 

that can reach the maximum setpoint. In this model, the HT-

HP has a maximum temperature of 56°C and the turn on/off 

conditions of the 2nd HP are kept equal to the standard case, 

in both cases they turn between 2500-3000s and in the 

standard case it shortly is turned down between 3400-4200s. 

It shows that in the case of the LT-HP, there is large difference in temperature between the flow leaving the 

condensers and the flow entering the building, this temperature difference is covered by the CH. One has to 

consider that a lower setpoint with a larger flow would be preferred as this would require the HP to run at a 

smaller pressure difference and thereby a higher COP. This would be a viable option as in this case, the flow 

through the building is only 1.8L/s at the start, around 2500s it quickly rises to 6L/s simultaneously with the 

setpoint, after which it drops back to about 3.2L/s around 3000s.  

The choice of using multiple HPs also has an effect on deciding when a HP is switched on/off. Currently, turning 

on the second HP is based on the temperature entering the condensers and if the setpoint temperature is reached. 

Turning on this second HP quickly increased the temperature entering the condensers as more flow is recirculated 

over the buffer, this explains the large hysteresis between turning it on/off. However, the CH turns on within 

5min of when the second HP is turned on, even though the setpoint is still in reach of the HPs and the second HP 

only at 25% cap due to starting up. Therefore a time constraint on how long both HPs should be operating before 

CH kicks in would be beneficial. Furthermore, quickly after CH kicks in (20min), the second HP shuts down 

because of a sharp Th,set decrease, while CH remains running for several minutes longer. Both inefficiencies are 

presented in Fig. 7. This adds to the conclusion that the CH should shut down if the second HP shuts down.  

Finally, the hydraulics and capacity and temperature control of the HPs on the condenser side can be controlled 

differently. These controls would apply to continuous as well as stepwise capacity controlled HPs, while the 

continuous would show smoother temperature curves.  
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The HP capacity could be used more effectively and 

reduce the use of the CH by reducing the response 

time. Currently, the temperature leaving the 

condensers and thus the temperature entering the 

building solely depend on the temperature entering 

the condensers (mix of buffer flow and building flow) 

and the capacity it is running on. This is a slow 

response as the capacity only goes up every few 

minutes and the entering temperature only increases 

slowly once the whole buffer has been refreshed, 

causing the capacity to decrease again once the 

entering temperature becomes too high.  

The HPs could be fitted with a three-way valve on the 

condenser side, like already commonly executed at 

the evaporator side. This three-way valve could be 

used to control the temperature leaving the condenser 

of the specific HP. Basically adjusting the net flow 

over the HP and increasing the temperature jump. If 

the HP's heat exchanger can cope with large varieties 

of mass flow, controlling the mass flow using the 

pump would be more energy efficient (smaller 

pumping power and lower condenser entering temperature as there is no mixing, thus increasing the approach 

temperature between the refrigerant and the water, gaining a higher heat exchanger efficiency). Then the capacity 

of the HPs can be based on the buildingôs entering temperature using a PID. As the temperature leaving the 

condensers is already at the setpoint, the capacity equals the demand, the response would be faster compared to 

the standard case as it does not have to wait for the buffer to fully recirculate or for its slow capacity steps.  

Furthermore, the authors recommend that changes in both the control design as well as the hydraulic design and 

the component choices can significantly influence the performance. This study does not consider effects of 

demand side management which might also have positive effects on the performance and the operational stability.  

 
CONCLUSIONS 

As discussed, the current guidelines inadequately address the design of the 5GDHC substation control system. 

As a consequence, the performance of the substation can be improved substantially. Some areas of improvement 

can be concluded from detailed data analysis alone, without the need to create an extensive model. Exemplary is 

the maximum temperature at which additional cold is loaded, to ensure the temperature quality of the network 

and ATES wells. Furthermore, to improve the performance in terms of CO2 emissions, thereby maximising the 

usage of the 5GDHC, one has to decide to either have HPs that are able to reach the temperature setpoints or the 

building system has to be designed such that first the flow is maximised before the temperature setpoint is 

increased. We have proposed an alternative HP control method that allows for a more precise method to influence 

the temperature entering the building and thereby reducing the use of the conventional heater. To improve this 

performance further, a rigorous control design approach is strongly recommended, including simulations to verify 

the overall system performance with hybrid controls during normal operations and critical transitions. Also, we 

showed that the use of the CH should have a time constraint to prevent it from turning on almost immediately 

after the 2nd HP is turned on and possibly it should be turned off if the 2nd HP is turned off and the setpoint is 

within the HP range.  

Finally, because of the strict return temperature requirements for networks with bidirectional energy flows, the 

heat exchanger at a 5GDHC substation can be controlled in a different way, to ensure a stable operation. Both 

proposed solutions could be used. These methods should also be tried at for normal operation to decide on their 

effectiveness.  
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SUMMARY 

The project Flexi-Sync (flexible and synchronized energy systems) strengthens local and regional energy systems 

by optimizing the flexibility of the heating/ cooling sector. This contribution describes results of the Austrian part 

of the project, i.e. the application of the Flexi-Sync methodology to the district heating network (DHN) of Maria 

Laach; including: First: the assessment of flexibility potentials and the investigation of possible scenarios, 

including singular or mixed electricity market participation, possible flexibility installations and using a demand 

shift algorithm to use buildings as flexible heat-storages; Second: the results are scaled up to heating sector in the 

whole region of lower Austria using the TIMES-MARKAL energy modelling framework; Third: the operational 

solutions are tested and evaluated in operational or near operational environments. Finally, the above investigated 

flexibility options of the district heating network are evaluated economically as well as general business models 

are derived.  

Key-words: Flexibility, District heating, Power-to-heat, CHP, balancing market, spot market  

 

INTRODUCTION  

Ambitious decarbonization targets on an international level, and specifically Austria, the 2030 targets of 100% 

renewable electricity supply require a massive increase of PV and wind generation, leading to significant 

fluctuation on the electricity grid. However, significant challenges are the limited supply potential and the 

required system flexibility. On the other hand, there are more than 2400 rural biomass-based district heating 

networks (DHN) in Austria, many of these plants are old with a low efficiency and need retrofitting. The 

integration of power-to-heat (p-t-h) units can unlock the flexibility of DHN and thus increase the local hosting 

capacity for PV and Wind; further on, biomass combined heat and power (CHP) units can support the renewable 

electricity generation that cannot be provided by PV and wind. However, there are currently no clear business 

models for this integration, i.e. only 3% of the rural DHN have CHP plants, and there are very few heat pumps 

integrated. Aim of the Flexi-Sync1 project is to strengthen local and regional energy systems by optimizing the 

flexibility of the heating/cooling sector in order to enable district energy systems to act as a component in 

balancing the electrical grid. This contribution describes results of the Austrian part of the project, i.e. the 

application of the Flexi-Sync methodology to the district heating network (DHN) of Maria Laach. 

 

METHODOLOGY AND RESULTS  

The project methodology has following stages:  

1. First, the flexibility potential of the current district heating network is quantified (accounting for system 

design and operational aspects). Based on these parameters, a Mixed Integer Linear Programming model 

is used to represent the status-quo at the pilot-site Maria Laach, as well a variety of possible scenarios, 

including singular or mixed electricity market participation, possible flexibility installations and using a 

demand shift algorithm to use buildings as flexible heat-storages. The main aim of the model is to 

estimate the operational costs and revenues for different scenarios. To this end, full information on 

technical and economic data is considered. The results, therefore, represent the economic potential for 

 
1 https://www.ivl.se/projektwebbar/flexi-sync.html  

mailto:ralf-roman.schmidt@ait.ac.at
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each scenario without considering real-world implementation problems, e.g., the need for reliable 

forecasts or predictive control.  

 

FIGURE 1: HEAT LOAD DURATION CURVE FOR CHP DAYAHEAD SCENARIO WITH FLEXIBLE BUILDINGS. 

2. Second, this result will be scaled up to heating sector (residential and service sectors) in the whole region 

of lower Austria. For this purpose, the HLA-Times (Heat Lower Austria Times Energy Model) was 

developed under TIMES-MARKAL energy modelling framework.  In addition, electric energy prices for 

Austria are calculated in accurate way through a specific model for this purpose created under 

BALMOREL tool and interlinked to HLA-Times. These prices are also used in the simulation to assess 

the impact of flexibility measures in Maria Laach.  

3. Third, at the demo site Maria Laach, the operational solution from combining supply optimization and 

control (production-side) and demand management and control (building-side) will be tested and 

evaluated in operational or near operational environments. Therefore, local controls will be modified and 

a centralized IoT platform developed within Flexi-Sync will be applied.  

4. Finally, the above investigated flexibility options of the heating network are evaluated economically. For 

this, a cost-benefit-analysis (CBA) is conducted using dynamic investment calculation. In a next step, 

the technical and economic results are combined with stakeholder input in order to derive general 

business models for rural heating networks based on biomass.  
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SUMMARY 

Energy use for heating and cooling remains the largest end-use sector, accounting for around half of global final 

energy consumption in 2020. The sector continues to be dominated by fossil fuels and modern renewables 

account for only approximately 10% of final demand. Despite the sectorôs large share of global final energy 

consumption, scaling up renewables in the sector receives relatively little attention from policymakers. 

Transitioning to renewable energy in the heating and cooling sector, in addition to energy efficiency measures, 

plays a fundamental role in improving public health, limiting the rise of average global temperatures and meeting 

sustainable development and energy access targets and improving livelihoods. For many countries, such a 

transformation would be essential to enhance energy security and support socio-economic development goals 

including job creation. Building on a previous study by IRENA, IEA and REN21, this report provides an 

overview of the role of renewables in heating and cooling and gives an overview of the different technological 

options and applications, while showcasing the supporting policy mechanisms necessary to support the 

development and deployment of renewables in heating and cooling.  

 

The report was published in November 2020, targeting local and national governments, industry and civil society, 

and has served as a discussion basis for accelerating the transition to renewable heating and cooling. 

 

Keywords: renewable energy, heating and cooling, decarbonisation pathways, policy  

 
REPORT OVERVIEW  

Transitioning to renewable energy in the heating and cooling sector, in addition to energy efficiency measures, 

is fundamental in limiting the rise of average global temperatures to well below 2 degrees Celsius as stipulated 

under the Paris Agreement, meeting sustainable development and energy access targets. As well as helping to 

decarbonise the sector, efforts to accelerate renewable energy deployment in heating and cooling also support 

other socio-economic objectives such as improving public health by reducing air pollution, stimulating economic 

development and improving energy access and security.  

 

The heating and cooling sector accounted for half of the global final energy consumption in 2019, with only 

approximately 10.4% of this demand being met by modern renewables, as shown in Figure 1. The uptake of 

modern renewable energy for heating and cooling in buildings and industry is progressing at a slow pace and the 

sector continues to be dominated by fossil fuels. In developing countries, traditional biomass remains widespread 

for heating and cooking, negatively impacting human health, socio-economic developments and the environment. 

 

In general, energy consumption for heating and cooling purposes is expected to grow rapidly in the coming years, 

mainly driven by more extreme weather conditions and increasing affordability of cooling appliances in the 

developing world. This highlights the growing need for renewable energy to decarbonise the heating and cooling 

sector, in addition to advancing energy efficiency to curb demand growth, allowing renewables to meet a larger 

share of final energy consumption in buildings and industry. 
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Still, the role of renewables in the sector receives relatively little attention from policymakers. Only 49 countries 

ï mostly from the European Union ï had national targets for renewable heat in 2018 (compared with 166 

countries with targets for renewables in the power sector), amongst which only Denmark and Lithuania had 

targets for 100% renewable energy in the heating and cooling sector. As of 2019, only 23 countries had 

nationwide regulatory heat policies in force, and there have been few new policy developments in the past years. 

This underlines that a policy focus is needed to unlock the full potential of renewables in heating and cooling in 

both buildings and industry.  

 

This report provides a comprehensive overview of the policies necessary to support the development and 

deployment of renewables in the heating and cooling sector. Various technologies are available to provide 

renewable energy for heating and cooling uses, all of which are discussed in the report. These include modern 

bioenergy, solar heat and geothermal heat, as well as renewable-based electricity (e.g., through efficient heat 

pumps), and green gas (e.g. biogas or hydrogen). Transitioning to renewable heating and cooling will require 

investments in new and existing infrastructure to enable full deployment of these sources, including investments 

in infrastructure (e.g. the power grid to support electrification, district heating and cooling infrastructure, gas 

grids to facilitate the uptake of renewable gas), investments to support the deployment of technologies such as 

solar water heaters and geothermal heating.  

 

Numerous technical, informational, behavioural, and regulatory barriers impede the decarbonisation of the 

heating and cooling sector and different policy options exist to overcome them. Accelerating the transition to 

renewable energy in heating in cooling requires a holistic method for evaluating and implementing policies, 

supporting the integration of renewables into the broader energy system, creating an enabling environment and 

economy-wide policies that support the sustainability and pace of the transition.  

This report presents different transformation pathways and policy options to achieve them, categorised in a policy 

framework previously developed by IRENA, IEA and REN21. All policy options aim to accelerate the 

installation and generation of renewables in general, but also take into consideration the energy access context 

and the maximisation of socio-economic developments from renewable energy. 

 



 

31 

 

REFERENCES  

IRENA, IEA and REN21 (2020), Renewable Energy Policies in a Time of Transition: Heating and Cooling, Abu 

Dhabi and Paris, France  

IEA (2018), The Future of Cooling, IEA, Paris, France  

IEA (2019), Renewables 2019, IEA, Paris, France  

IEA (2019), World Energy Outlook 2019, IEA, Paris, France  

IEA (2019), World Energy Balances and Statistics 2019, IEA, Paris, France  

IRENA Coalition for Action (2020), Towards 100% Renewable Energy: Utilities in Transition, Abu Dhabi  

IRENA, IEA and REN21 (2018). Renewable Energy Policies in a Time of Transition, Abu Dhabi and Paris, 

France  

IRENA (2017). Renewable Energy in District Heating and Cooling: A Sector Roadmap for REMAP, IRENA, 

Abu Dhabi  

IRENA (2019). Innovation Landscape for a Renewable-Powered Future, IRENA, Abu Dhabi.  

IRENA, (2019). Renewable Energy and Jobs ï Annual Review 2019, IRENA, Abu Dhabi  

IRENA, (2019). Renewble Energy Market Analysis: GCC 2019, IRENA, Abu Dhabi  

IRENA, (2019). Renewble Energy Market Analysis: Southeast Europe, IRENA, Abu Dhabi  

IRENA (2020), Global Renewables Outlook, IRENA, Abu Dhabi  

IRENA (2020) Power system organizational structures for the renewable energy era, Abu Dhabi: IRENA.  

REN21 (2020), Renewables 2020 Global Status Report, REN21 Secretariat, Paris, France  

REN21 (2019), Renewables in Cities 2019 Global Status Report, REN21 Secretariat, Paris, France  

REN21 (2019), Renewables 2019 Global Status Report, REN21 Secretariat, Paris, France 



 

32 

 

REVIEW OF REGULATORY FRAMEWORKS OF DISTRICT HEATING 
 

Anna Billerbeck, Barbara Breitschopf, Jenny Winkler 

Fraunhofer Institute for Systems and Innovation Research (ISI) 

Breslauer Str. 48, 76139 Karlsruhe 

Phone: +49 721 6809 521 

E-Mail: anna.billerbeck@isi.fraunhofer.de 

 

SUMMARY 

This paper (or poster) provides a review of regulatory approaches towards district heating in the European Union 

(EU). For this purpose, a systematic and extensive literature analysis is applied. The overview aims to elaborate 

differences between the national policy frameworks for district heating in the EU. The analysis shows that the 

policy approaches towards district heating vary considerably by country and include, among others, differences 

in the regulation of ownership and operatorship, prices for consumers, grid access and usage as well as in support 

programs. We identify two general approaches: Some countries apply very distinct regulations in special district 

heating laws while others only apply ordinary energy and competition laws. 

 

INTRODUCTION 

Climate change is one of the greatest challenges of our time. The European Union therefore aims to become an 

economy with net-zero greenhouse gas emissions by 2050 (European Commission 2020). District heating 

networks can play a decisive role in reaching these targets. Especially in densely populated areas, decarbonization 

of heating is hardly possible without district heating, as decentralised decarbonisation solutions reach their limits 

here (Connolly et al. 2014; Bürger et al. 2019). Due to the complexity induced by regional and technological 

plurality, the transformation of district heating networks to decarbonised networks using renewable heat sources 

is connected with a multitude of barriers (Chassein et al. 2017). Nevertheless, the provision of decarbonized heat 

in densely populated areas by way of modernizing older grids and expanding new ones with the help of a holistic 

regulatory framework is indispensable to achieve a climate-neutral economy by 2050. In order to contribute to 

this challenge, this paper gives a review of the current regulatory framework of district heating systems. So far, 

there is a lack of a overviews of regulations for district heating: On the one hand, there are broad reviews of 

district heating which however pay little attention to regulatory issues (Werner 2017). On the other hand, there 

are general policy reviews for (district) heating, but these only cover some regions or technologies (see e.g. 

Ecoheat4EU1, ProgRESsHEAT2, SDHp2m3 projects). Building on these studies, the aim of this paper is to 

provide a comprehensive, in-depth overview of the applied regulation for district heating in the EU to fill the gap. 

 

METHODS 

The analysis in this paper (or poster) draws from existing literature and available documents. In order to define 

different policy approaches for district heating, the applied regulations in the European countries are analysed. 

This required an extensive collection of data on the existing legislation, which was done in the framework of the 

EU project "DHC Trend". In this project an extensive document analysis as well as an online-survey with national 

DH experts and, where necessary, additional interviews were conducted in order to gain the needed information. 

 

RESULTS 

This paper (or poster) gives an overview of the regulation and support of district heating in the EU and develops 

a typology of regulative approaches. In addition, the overview is embedded in the context of the diffusion of 

district heating and the integration of renewable energies in the different countries (see figure 1). 
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Figure 1 shows that only some countries 

have reached a high share of renewables, 

while in the majority a large share of 45 

district heating still comes from non-

renewable sources. In parallel, the policy 

approaches towards district heating vary 

substantially by country. Some countries, 

such as Denmark, Sweden, Norway and 

Lithuania, apply very distinct regulative 

frameworks in special district heating 

laws, while other countries, such as 

Germany, Finland and France, only rely on 

laws that regulate in general energy and 

competition issues (Werner 2017; Euroheat & Power 2011). Regarding the regulation of ownership, this implies 

that several countries have specific standards (e.g. on licensing or registration duties), while others do not impose 

any particular rules. In terms of prices for consumer, this means that only a few countries set consistent price 

guidelines (e.g. maximum levels, methods of calculation). Third party access (TPA) in district heating networks 

is not implemented to the same extent as for electricity and gas networks in nearly all countries. However, TPA 

is currently being discussed more intensively and some countries (e.g. Lithuania) have implemented first 

regulations, which include an obligation to connect renewables. Apart from this, the support frameworks also 

differ extensively and range from almost no support to comprehensive funding programs for infrastructure 

development and the integration of renewable energies. Overall, the review shows that there are both very specific 

as well as very broad approaches towards district heating regulation. Which of these approaches is more effective 

needs further investigation. 
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SUMMARY 

Space and water heating accounts for almost one third of the European final energy consumption. However, so 

far there are still open questions regarding the impact of different decarbonisation strategies on the overall system 

as a whole and about most favourable decarbonisation pathways. This paper presents alternative decarbonisation 

pathways for space and water heating in the EU-27 by 2050 considering the interaction with the upstream supply 

sector. The study contributes to a better understanding of long-term perspectives and related costs of different 

technology and policy choices. Following no-regret strategies were derived: (1) a high level of building 

renovation, leading to about 45% reduction of final energy demand, (2) a high diffusion of heat pumps and district 

heating in suitable areas and (3) at least a partial if not complete phase out of gas for space and water heating 

should be prepared. Based on the scenario modelling work, recommendations for policy design were developed. 

Key-words: space and water heating, decarbonisation pathways, technology strategies 

 

INTRODUCTION  

For decarbonising the space and water heating sector, there are different possible decarbonisation pathways with 

different technology mixes and different levels of building renovation. Up to now, there is no common agreement 

on the impact of different decarbonisation pathways and favourable routes and strategies, in particular on the 

upstream supply and thus the overall energy system.  

Hence, the main research questions of this paper are: What are favourable and less favourable decarbonisation 

pathways of space and water heating for the EU-27 by 2050 in terms of overall primary energy consumption, 

costs, barriers and policy implications, taking into account the impact of the heating sector on the overall energy 

system? What are robust strategies and no-regret measures for decarbonising the space and water heating sector?  

For this purpose, we provide model based scenarios of the building stock and the overall energy system in EU-

27 and an analysis of barriers and related policy implications. In this way we intend to contribute to the discussion 

of the required immediate, short- and mid-term steps for the transition of this sector.  

The paper develops a series of technology-focused decarbonisation pathways to better understand the long-term 

perspectives and related costs by 2050: A direct RES-H scenario (focusing on a balanced mix of individual heat 

pumps, biomass boilers and solar), an electrification scenario, one scenario focusing on e-fuels and another one 

on hydrogen and finally a district heating scenario. Subsequently, we carried out a comparative assessment and 

derived a "best-case" scenario. These scenarios are compared to a baseline scenario, based on existing policies, 

not achieving full decarbonisation.  

The study focuses on heat consumption in buildings and covers space heating and the supply of sanitary hot 

water. It is based on the project ñRenewable Space Heating under the Revised Renewable Energy Directive, 

ENER/C1/2018-494ò being carried out for the European Commission, DG ENER. (Kranzl et al., 2021). 

 

METHOD  
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For the development of the scenarios described above we applied and linked three models: the optimisation based 

building stock model Invert/Opt, the energy system optimization model Enertile and the Hotmaps district heating 

model. The model results allow comparing the scenarios with regard to additional costs, GHG reduction, energy 

demands and energy savings.  

The overall logic of the scenario development is to define boundaries for the relevance of certain energy carriers 

in supplying space and water heating to buildings, including constraints regarding their potential. Within these 

constraints, an algorithm identifies the cost-minimal constellation of the use of energy carriers and technologies 

in different parts of the building stock and the cost-optimal renovation levels. The way how the different scenarios 

are defined is indicated in table 1. It shows that the bandwidth of technology diffusion within which the 

optimisation algorithm can find a solution is shifted and adapted according to the technology focus of each 

scenario, e.g. higher enforced penetration (lower boundary) and allowed penetration (upper boundary) of heat 

pumps in the electrification scenario or higher boundaries for gas based heating systems in the H2-scenario.  

This leads to scenarios, which are not considered as extreme scenarios but rather realistic implementations of 

pathways, with each of the scenarios showing a mix of systems, energy carriers reflecting also the suitability in 

different parts of the building stock as well as climatic and regional constellations.  

For the modelling of the power sector, electricity transmission and H2/e-fuel generation, no scenario distinction 

is carried out, i.e. the economic optimization is done under the same framework conditions. In particular this 

holds for the demand for electricity, H2 and e-fuels in other sectors (industry, transport) and allows to isolate the 

impact of the different scenarios in the space and water heating sector on the overall system.  

Subsequently, in order to derive recommendations for regulatory framework conditions, we carried out following 

steps: (1) analysis of the barriers for different measures, (2) analysis of policy instruments, (3) definition of policy 

sets for different country clusters and (4) discussing policy recommendations. 

 

RESULTS 

SHARE OF HEATED FLOOR AREA AND RESULTING FINAL ENERGY DEMAND BY ENERGY 

CARRIER  

The left part of Figure 1 shows the share of heated floor area by energy carrier of the main heating system2 

resulting from the scenario specifications (technology diffusion restrictions) and the optimization approach. In 

the right part of the same figure we show how these results translate into final energy demand for space and water 

heating by energy carrier in residential and tertiary buildings by energy carrier in the . While final energy demand 

in the baseline scenario reduces from more than 3100 TWh/yr in 2017 by about 40% until 2050, the different 

decarbonisation scenarios show higher energy savings in the range of 47%. This results from energy savings due 

to the retrofitting of the building envelope and shift to more efficient heating systems. Counting delivered energy 

only (i.e. subtracting solar, ambient and geothermal energy), the reduction accounts to more than 70% in the 

electrification scenario. Comparing the results on the share of energy carriers of heated floor area and of final 

energy demand, we can observe that the share of gas and oil on the final energy demand is much lower than on 

the heated floor area. This can be explained by the different level of variable energy costs of the heating systems, 

which corresponds to different economic incentive to carry out deep renovation and install solar energy varies. 

In particular, this is visible for the case of the e-fuels and the H2 scenario. The model implements minimum 

restrictions for the supplied floor area by energy carrier in each Member State. While this restriction needs to be 

fulfilled, the algorithm minimises the use of these energy carriers through higher use of solar energy and building 

renovation (or to put it the other way round, these energy carriers are used in buildings with the lowest energy 

demand). Thus, the share of final energy demand on these energy carriers is lower than the actually supplied 

heated floor area. 

 
2 Solar heating is counted as secondary heating system and thus only is shown in the energy carrier mix of final energy 

demand.  
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Table 1: Overview of scenario settings 
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FIGURE 1. SHARE OF HEATED FLOOR AREA (LEFT GRAPH) AND FINAL ENERGY DEMAND (RIGHT GRAPH) BY ENERGY CARRIER, EU-27  
 

IMPLICATIONS ON THE UPSTREAM SUPPLY SECTOR  

The non-heating application demand sets the framework for the modelling of the energy supply side and is kept 

the same throughout all the scenarios during a given year. Variations occur in the (electricity and overall) demand 

for heating applications both in houses and heat grids, which includes electric heaters, heat pumps and other 

technologies. The electricity demand required to produce hydrogen and e-gas which varies accordingly to the 

demand of these fuels in the heating sector.   

In the electricity sector, there is a similar increase in the demand in all scenarios until 2050. The electrification 

scenario has the highest demand with 6,008 TWh. The Direct-RES scenario shows the lowest demand with 5942 

TWh. There is an increase in the share of total electricity demand from 10-17% in 2030 to 36%-38% in 2050, 

reflecting the larger share of heat pumps as well as the electricity for hydrogen and e-fuels production. The best-

case scenario has three times the demand for heat pumps (287.8 TWh) when compared to the baseline scenario 

(94 TWh). Its demand for DH electric heaters (15.7 kWh) is the lowest among all the scenarios.  

The electricity generation through conventional fuels disappears for all focus scenarios until 2050, leading to a 

GHG-neutral system. In the EU-27, wind onshore is the most important technology for electricity supply in 2050, 

followed by PV and wind offshore. Photovoltaic production in 2050 is mainly utility scale (94%) with a small 

part of it being installed on rooftops as a decentralized option. A small conversion of hydrogen to electricity is 

present to some extent in 2050, but the high efficiency losses, caused by the conversion and reconversion process, 

reduces its use. 

Regarding district heating supply in the EU-27, the technology mix changes profoundly from today (dominance 

of natural gas) to 2050 when a GHG-neutral mix is achieved in all decarbonisation scenarios. Large heat pumps 

become the single most important technology (its share in heat generation ranges between 56 and 65 % across 

scenarios) and are complemented by solar thermal, geothermal, biomass (boilers and CHP), electric heater as 

well as hydrogen. Clear differences between the scenarios exist. The overall highest demand is observable in the 

DH scenario (>470 TWh) and lowest demand is observable in the direct electrification scenario (>220 TWh), as 

was expected. The share of heat generation by the technologies within the heat grids remains relatively stable. 

The installed capacities also reflect this. Large heat pumps are dominating the park of technologies and are 

complemented by gas boilers (fuelled with GHG-neutral gases in 2050), electric heaters and hydrogen boilers. 

For the latter two technologies, a clear backup role in heat grids can be identified.  
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Source. Own elaboration. 

FIGURE 2. GENERATION AND INSTALLED CAPACITIES OF THE EUROPEAN DISTRICT HEATING SECTOR IN 2030, 2040 AND 2050 PER 

SCENARIO  

 

Source. Own elaboration. 

FIGURE 3. SUPPLY AND DEMAND OF E-FUELS AND HYDROGEN IN 2030, 2040 AND 2050 PER SCENARIO 

As per scenario outline, e-gas and hydrogen demand and supply are central to the energy system in 2050. Their 

demand varies across the scenarios and is naturally highest in the e-fuels and hydrogen scenarios, reaching a 

combined demand exceeding 1260 TWh. That combined demand for both energy carriers splits at roughly 50%-

50% for all scenarios except the e-fuels scenario (where the share of demand for e-fuels is higher than for 

hydrogen) and the hydrogen scenario (vice versa). Both e-fuels and hydrogen are mostly produced locally (EU-

27) and complemented by imports3. The share of locally produced hydrogen is higher than that of e-fuels (import 

quotas are 16% and 23% respectively for most scenarios) and generation reaches values around 530 TWh (e-

fuels) and 600 TWh (hydrogen) in 2050. 

 

 

 

 
3 import prices in 2050 are assumed to be 80ú/MWh for hydrogen and 130ú/MWh for e-fuels 
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TOTAL COSTS  

FIGURE 4. ADDITIONAL SYSTEM COSTS COMPARED TO THE BASELINE SCENARIO , EU-27 

Figure 4 shows total system costs, divided in the main categories of capital costs and run-ning costs both in the 

building sector and in the upstream supply sector. 

All scenarios show a strong gradual reduction of running costs of individual heating systems. This is the highest 

single cost component (as cost savings compared to the baseline scenar-io). This is triggered on the one hand by 

building renovation and resulting reduction in energy demand. On the other hand, in particular for the case of gas 

and oil, due the replacement of natural gas by H2 and e-gases, costs are shifted from the building sector to the 

upstream supply sector. While the costs of generating H2 and e-gases are accounted in the upstream supply sector, 

the costs e.g. for biogas fed into the gas grid is still accounted in the building sector, the same way as fossil fuels 

are (in the years before 2050). Thus, under the category variable energy costs of individual heating systems we 

show all cost components which have to be covered by end-users and which are not already covered in the 

upstream supply sector (i.e. generation costs of electricity, district heating, H2 and e-fuels). This also includes 

costs for retail services and distribution of energy carriers.  Taxes are considered as transfer pay-ments and thus 

are excluded.  

The e-fuel scenario and the district heating scenario lead to the highest overall costs. Regarding the e-fuel 

scenario, the reduction in running costs for individual heating systems are to a large extent compensated by the 

costs of importing e-fuels, H2 as well as the capital costs for electricity generation. For the district heating 

scenario, there are uncertainties regarding the capital costs for district heating grids. The electrification scenario 

leads to the overall lowest costs. The considerable investments in capital costs of electricity generation are 

overcompensated through a strong reduction of running costs on individual heating systems. Electricity grid costs 

according to our analysis do not outweigh this effect. 

In between are the scenarios H2 and direct RES, with very similar costs. A considerable uncertainty results from 

the assumed import price for hydrogen of 80 ú/MWh in the hydrogen scenario. An increase of this import price 

by 50% (or assuming that the generation of H2 with-in the EU-27 would lead to a corresponding additional costs) 

would mean that the H2 scenario would show the highest costs, followed by the e-fuel scenario. 
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Capital costs building renovation Capital costs individual heating systems
Capital costs CHP Capital costs District heating generation
Capital costs Electricity generation Capital costs Hydrogen production
Capital costs E-Fuels production Capital costs District heating grid
Capital costs Electricity transmission grids Running costs individual heating systems
Running costs CHP Running costs District heating generation
Running costs Electricity generation Running costs Hydrogen production
Running costs Hydrogen import Running costs E-Fuels production
Running costs E-Fuels import Running costs Electricity transmission grids
Total
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BARRIERS AND POLICY ANALYSIS 

The deployment of the decarbonisation options discussed above faces a heterogeneous set of barriers 

¶ Economic barriers: High investment costs as compared to fossil heating equipment act as a barrier for 

all of the considered technology pathways, including the investments by building owners in end-use 

equipment as well as infrastructure investments (e.g. district heating grids). Economic barriers during the 

use-phase are predominant particularly for the electrification pathway (low prices for fossil fuels as 

compared to electricity) as well as for the hydrogen and e-fuels pathways.  

¶ Barriers related to technology maturity occur where the required decarbonisation technologies are not 

fully developed. Such barriers are particularly pronounced in the (green) hydrogen and e-fuels pathways, 

where large-scale production, distribution and storage is currently limited to pilot projects. Across all 

pathways, technology maturity is a barrier for the deployment of new retrofit approaches based on serial 

renovation supporting a cost-efficient and fast deployment of energy efficiency in buildings. 

Furthermore, the lack of digital solutions to support the deployment is a barrier for several 

decarbonisation technologies: For heat pumps, a lack of digital technologies to support the use of 

flexibility options and demand side management as well as to continuously control the efficient operation 

are needed for large-scale deployment. Likewise, for district heating the transition to highly efficient 

systems based on renewable energy requires digital technologies. 

¶ Barriers related to market maturity  (including technology, fuel and installer markets) are particularly 

pronounced in the H2 and e-fuels scenarios, where no markets exist so far. However, market maturity 

also acts as a barrier in the electrification pathway, as in most EU MS heat pumps currently have a low 

market share. In district heating, the lack of market maturity for large-scale renewable heat production 

poses a barrier in most EU MS. 

¶ The impact on the electricity system is a barrier in all decarbonisation pathways relying on heat 

production that involves electricity consumption. This includes decentralised heat pumps, large-scale 

heat pumps for district heating as well as hydrogen and e-fuels. At the same time, these technologies 

provide also benefits in form of flexibility options for the electricity system. 

¶ Resource availability is a barrier in most pathways and covers the availability of the energy carriers 

(particularly for biomass, hydrogen and e-fuels), the availability of heat sources (particularly pronounced 

for geothermal installations as well as water-source heat pumps) and the availability of space (particularly 

strong barrier for large-scale solar thermal as well as RES-E installations). 

¶ Regulatory barriers and licensing are particularly pronounced for technologies with currently low 

deployment, where codes and standards as well as licencing procedures have not yet been developed 

(particularly for hydrogen). Regulatory barriers are also relevant for the deployment of ground-source 

heat pumps as well as the use of the soil or aquifers for heat storage. For district heating, regulatory 

barriers include the planning and licensing for heat production facilities as well as third-party access.  

¶ The suitability of the building stock poses a barrier for the deployment of most renewable heating 

technologies: For heat pumps as well as for RES-based district heating, an efficient deployment requires 

low-temperature heating systems. For solar thermal installations, rooftops may be unsuitable for the 

installation. For hydrogen and e-fuels, due to the high costs of the energy carriers, their application in 

non-efficient buildings leads to high costs. 

¶ End-user and investor barriers cover a variety of barriers for investments in decarbonisation 

technologies. Such barriers include a lack of access to capital, imperfect information, bounded rationality 

and split incentives 

The decarbonization of the buildings sector requires a policy mix addressing the heterogeneous set of barriers. 

The most effective way of aligning investments in building components and heating systems to the objective of 

decarbonisation is by establishing a strong regulatory framework to restrict the use of technologies that are not 

consistent with the objective. In order to address the economic barriers, economic policy instruments such as 

subsidies and preferential loans as well as energy and carbon pricing facilitate an affordable transition and provide 
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a level playing field for renewable technologies. To support market and technological maturity and to address 

regulatory barriers, a set of complementary policies is needed. This includes R&D support measures, market 

transformation measures such as collective procurement programmes, capacity building and training for 

installers, capacity building to support planning skills in local administrations. As the transformation of the 

heating sector has impacts on the use of key infrastructures (district heating, gas grid and electricity grid), 

approaches for heat planning and citizen involvement are needed to coordinate the expansion, modernisation and 

decommissioning of such infrastructures. 

 

CONCLUSIONS  

Overall, it turns out that the model applies e-fuels and hydrogen very close to the minimum boundaries defined. 

This is an indication that these energy carriers and heat provided by these energy carriers are more costly than 

other systems. For heat pumps, it rather depends on the type of building whether an efficient use of heat pump is 

deemed economic. In general, the model has the tendency to move towards the upper limit of the boundary and 

heat pumps gain major shares in all scenarios. Biomass heating systems tend to be economically viable under the 

considered modelling and scenario assumptions towards climate neutrality. Here, the biomass potential 

restrictions and the underlying assumptions regarding more relevant use of biomass potentials in other end-use 

sectors are the main constraints limiting a further deployment of biomass-based heating. The economic viability 

of district heating in the model varies between countries and regions. Due to the fact that district heating use was 

limited to areas with high heat demand densities and corresponding low heat distribution costs, district heating 

tends to be selected by the optimisation algorithm within the set constraints.  

If measures and the overall system are optimised (as assumed in our study) the costs, in particular for the scenarios 

hydrogen, direct RES, district heating and e-fuels do not deliver a clear criteria for a decision. More relevant are 

the barriers and policy implications for the decision for one or the other pathway. Second, some measures can be 

regarded as no-regret options as they are identical for all scenarios: a high level of building renovation, a high 

diffusion of heat pumps and district heating in suitable areas. Moreover, even in the H2 and e-gas scenario parts 

of the gas grid would need to be decommissioned, because there would be more economic decarbonisation 

solutions. Thus, at least a partial if not complete phase out of gas for space and water heating should be prepared. 

Third, the best case scenario ï resulting in the lowest cost ï is close to the electrification scenario, however, with 

slightly higher penetration of solar heat and district heating.  

The most effective way of aligning investments in building components and heating systems to the objective of 

decarbonisation is by establishing a strong regulatory framework to restrict the use of technologies that are not 

consistent with the objective. This needs to be accompanied by economic incentives and the support of market 

and technological maturity. As the transformation of the heating sector has impacts on the use of key 

infrastructures (district heating, gas grid and electricity grid), approaches for heat planning and citizen 

involvement are needed to coordinate the expansion, modernisation and decommissioning of such infrastructures. 
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SUMMARY 

The Renewable Energy Directive (EU) 2018/2001 (RED II) lists òrenewable heatñ and òwaste heatñ together for 

heat supply within Article 24 (4) and partly also in Article 23. This paper analyses, by using basic legal and 

economic theory methods, (i) why a distinction is made between òrenewable heatñ and òwaste heatñ, (ii) why 

they are mentioned in parallel, and (iii) what short-term and long-term effects this distinction implies on the use 

of waste heat in energy cooperation. The first conclusion of the paper is that the distinction is appropriate. 

However, second, the use of waste heat from fossil processes is thus not only subject to the risk of process 

modification (switch to renewables), but also to the political risk of non-eligibility for meeting the targets of RED 

II or subsequent directives. In order to minimize investment uncertainty for energy cooperation projects, 

especially between industry and district heating operators, we conclude that all types of waste heat should be 

recognised as carbon-neutral, and CO2 emissions should be attributed exclusively to the ñfirst-useò, i.e., the 

industrial processes, and their conversion should be the goal of policy measures. 

Keywords: waste heat and cold, RED II, EED, renewable energy system, energy cooperation 

 

INTRODUCTION  

The Renewable Energy Directive (EU) 2018/2001 (RED II) enforces the use of renewable energy sources (RES) 

and waste heat & cold in the heating and cooling sector. The RED II therefore directly addresses the heating 

sector in Articles 23 and 24. In order to achieve the long-term decarbonisation goals, the share of renewables in 

the sector is to be gradually increased according to Article 23. Member States shall endeavour to increase the 

share of RES in the heating sector by an average of 1.1 percentage points/year in the reporting periods 2021 - 

2025 and 2026 - 2030, starting from the 2020 level. This factor increases to an average of 1.3 percentage 

points/year in the above-mentioned periods if Member States decide to take waste heat into account. Waste heat 

can only be counted up to 40% of the annual increase. Up to now the targets are indicative, which means not 

binding for the Member States. The use of waste heat to meet the heating and cooling target is optional for 

Member States that do not have significant district heating systems, as waste heat and cold are only eligible if 

they are used in district heating systems. Even Member States where such infrastructure has been developed may 

choose not to use waste heat to reach the district heating targets. The reason could be that they want to focus 

more on renewable heating and cooling. The European Legislator recognised that, given the local and national 

character of the heat markets, it is of utmost importance to ensure flexibility in the design of such a scheme. 

Therefore, Member States are free to use appropriate measures and the RED II provides several instruments on 

how to achieve the increase. These include policy measures, e.g., fiscal measures or other financial incentives, 

on which an introduction of a national CO2 tax on the heat market (non-ETS sector) and appropriate support 

schemes to increase the share of renewable heat could be based on (AFGW 2020). 

Article 24 RED II is dedicated to district heating. It focuses on the great potential for decarbonisation through 

higher energy efficiency and the use of renewable energies.  

With regard to the further decarbonisation of district heating systems, under Article 24 (4) the Member States 

were given two options to choose from, which can also be combined: 

1. The share of renewable energies and waste heat and cold in district heating and cooling systems should 

be increased by at least 1 percentage point/year. To reach the district heating target, the use of waste heat 

or cold is not subject to a cap, which means the total average annual increase of one percentage point can 

mailto:holzleitner@energieinstitut-linz.at
mailto:moser@energieinstitut-linz.at
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also be fully achieved with waste heat or cold (Option 1) or  

2. the district heating networks are to be opened up to suppliers of energy from renewable energy sources 

and of waste heat and cold (to connect and purchase heat from renewable energy sources and waste heat 

and cold from third-party suppliers on the basis of non-discriminatory criteria) (Option 2).   

A sustainable energy system uses only renewable primary energy sources and applies them in a resource-efficient 

manner (Böhm et al, 2021). There, energy efficiency is an option for satisfying demand and avoiding unnecessary 

use of resources, as also renewable resources are limited. The recovery of unavoidable waste heat is a 

straightforward measure to increase overall energy efficiency. Waste heat already comes from a process, so the 

energy is used a second time, and the reuse reduces the primary energy demand. Thus, we conclude that the RED 

II also aims at a sustainable energy system. The directive mentions RES and waste heat as options for meeting 

the heat demand. In Article 24 (4) of RED II, there is a consistent juxtaposition of renewable energy sources and 

waste heat and cold. However, there is no common definition which summarizes/includes RES and waste heat, 

like, just for example, ñclimate-neutral heatò would be. These two options, RES and waste heat, are neither 

congruent nor exclusive within Article 24 (4). Legally, there is no differentiation within the definition of waste 

heat in terms of the respective original energy input, i.e., whether it is obtained from a fossil or renewable process.  

 

AIM OF THE PAPER AND METHOD 

A sustainable energy system is defined to use 100% renewable primary energy sources and use them in a 

resource-efficient manner (Böhm et al. 2021). We assume that the RED II aims to achieve a sustainable energy 

system. The aim of the paper is to analyse, first, whether the distinction of RES and waste heat is appropriate, 

and whether the consistent juxtaposition is appropriate. This task is done by legal analysis and interpretation of 

the definitions that are captured in the RED II. The second aim of the paper is to classify these findings and the 

RED IIôs handling of waste heat and its likely practical on the realization of waste heat recovery and reuse 

projects, including the implicit consequences for the use of waste heat from fossil processes. This is done from a 

basic economic theory perspective, taking into account statements from previous work (Holzleitner & Moser 

2020, Moser & Lassacher 2020, Moser et al. 2020). 

 

LEGAL ANALYSIS OF DEFINITIONS 

As shown above, the RED II mentions RES and waste heat as options for covering the heat requirement. 

Therefore, a precise, understandable definition of the term is absolutely necessary to ensure that the allocation to 

the corresponding energy flows in a specific project is correct: based on the legal definition, is the heat to be 

categorized as waste heat, RES or can the heat not be allocated due to the complex definitions? For this reason, 

it is important at the beginning of this analysis to understand what the European Legislator understands by the 

terms ñrenewable energiesò and ñwaste heatò. Relevant definitions from the RED II are presented in Table 1 

below. 

TABLE 1: OVERVIEW OF RESPECTIVE DEFINITIONS UNDER RED II 

Article 2 (1) óenergy from renewable 

sourcesô or órenewable energyô 

means energy from renewable non-fossil sources, namely wind, solar 

(solar thermal and solar photovoltaic) and geothermal energy, ambient 

energy, tide, wave and other ocean energy, hydropower, biomass, landfill 

gas, sewage treatment plant gas, and biogas 

Article 2 (9) ówaste heat and coldó means unavoidable heat or cold generated as by-product in industrial or 

power generation installations, or in the tertiary sector, which would be 

dissipated unused in air or water without access to a district heating or 

cooling system, where a cogeneration process has been used or will be 

used or where cogeneration is not feasible 

Article 2 (2) óambient energyô means naturally occurring thermal energy and energy accumulated in the 

environment with constrained boundaries, which can be stored in the 

ambient air, excluding in exhaust air, or in surface or sewage water 
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Article 2 (1) makes clear what is meant by RES and even lists them exhaustively. This clarity does not apply to 

the definition of waste heat, which is quite complex and not fully comprehensible, at least at a first glance. 

Therefore, it will now be broken down into its various components and an attempt will be made to explain the 

individual parameters of this definition in a comprehensible way. "Waste heat and cold" means, first, 

1. unavoidable heat or cold that is 

2. generated as a by-product in an industrial plant, in an electricity generation plant or in the tertiary sector, 

and that 

3. that would be discharged unused into air or water. 

If these conditions hold,  

4. there must not be access to a district heating system or a district cooling system,  

1. where a cogeneration process is used,  

2. where a cogeneration process will be used or  

3. where a cogeneration process is not possible. 

The first three parameters refer to the conditions of the heat within the limits of the operation (unavoidable, by-

product, unused). They reflect the general technical understanding of waste heat (whereby we do not dive into 

the discussion on the wording and alternative wording, e.g., excess heat, residual heat, etc.). The last parameter 

now represents additional conditions for the possibility of use in the environment. This definition of waste heat, 

as it is ultimately stated, serves the intentions of Articles 23 and 24 RED II; however, as it refers to a district 

heating system or a district cooling system, it cannot be a universally applicable definition of waste heat. 

 

UNAVOIDABILITY OF WASTE HEAT 

First, waste heat is ñunavoidableò heat. According to Article 14 (5) of Energy Efficiency Directive (EU) 

2018/2002 (EED), it can be concluded that ñunavoidableò means that all other feasible energy efficiency options 

to reduce waste heat have been exhausted. The technical and economic feasibility of applying these energy 

efficiency options must be analysed.   

An unavoidable waste heat stream is one that cannot be recovered within the same process or plant. The technical 

and economic feasibility of applying energy efficiency options must be analysed and all ñreasonableò efficiency 

measures must be implemented first. 

Therefore, the relevant provisions of the EED and RED II require that all reasonable energy efficiency measures 

should be applied first. Before off-site use can be considered, the technical and economic feasibility of applying 

energy efficiency options and on-site use must be analysed, and any reasonable efficiency measures must be 

implemented first. In the longer term, therefore, advances in best available technology (which affect the definition 

of what is reasonably unavoidable) will affect the availability of waste heat for sale (JRL 2021, 7). Only then 

should waste heat be used to achieve the targets of the RED II, so only after all options for reducing energy 

demand have been exhausted. This sequence for dealing with waste heat is an application of the Energy Efficiency 

First principle. 

 

WASTE HEAT AS A BY-PRODUCT 

The next essential criterion for waste heat is its occurrence as a by-product within a process. According to Recital 

117 RED II, it can be concluded that by-products are defined by the fact that they are not the primary objective 

of the production process. Accordingly, ñby-productò within Article 2 No. 9 RED II would mean that waste heat 

was not intentionally generated ï the generation of energy in the form of waste heat is not the objective of the 

process. The generation of waste heat must not be the main purpose of the process (JRL 2021, 7). Here the 

question arises, to what extent heat is a by-product in a CHP (combined heat and power) plant. A plant designed 

for co-generation shall not produce heat as a by-product. However, based on current power market prices and 

local heat availability, a distinction according to the operating modes ñelectricity-ledò or ñheat-ledò of the CHP 

plant could be decisive for the (non-)fulfilment of some definition criteria. Consequently, although this is 
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technically hardly arguable, there might be an economic reason for distinction.  

According to RED II Annex 5 lit C Z 16, heat from a CHP is referred to as ñuseful heatò. The directive means 

that heat is ñproduced in a CHP process to meet an economically justifiable demand for heating or coolingò. 

However, the Directive does not assign the term ñuseful heatò to either renewable energy sources or waste heat - 

thus it is not clear whether this ñuseful heatò can be counted towards the requirements of Article 24 (4) in the 

district heating sector. 

 

WASTE HEAT FROM INDUSTRY, ELECTRICITY GENERATION AND THE TERTIARY SECTOR 

Waste heat also be recovered from plants that are clearly assignable as industrial plants, electricity generation 

plants or tertiary sector plants. Other installations that take over municipal tasks, such as waste incineration plants, 

are much discussed, but there are no clear statements in the RED II as to whether they fall under one of the three 

categories of plants. 

In Austria, however, this can be concluded from some materials, for example in the adopted amendment to the 

government bill 733, where it is written in chapter 8 that ñthe term "waste heat" is replaced by the definition 

according to § 5 (1) no. 1 Renewable Energy Expansion Act. This also includes, for example, waste heat from 

waste incineration plants as well as waste heat that is used within the framework of a combined heat and power 

system. " And also, in the explanations to the adopted amendment to the Umweltförderungsgesetz it is written 

that "waste heat can be included if it arises in industrial processes (including waste incineration), in the tertiary 

sector or in CHP plants." 

 

DEPENDENCY ON THE AVAILABILITY OF DISTRICT HEATING AND CHP 

There are additional provisions on the district heating network and cogeneration which must be fulfilled so that 

the heat actually is waste heat: The definitionôs second part is difficult to read (we almost dare to say 

incomprehensible): ñwithout access to a district heating or cooling system, where a cogeneration process has 

been used or will be used or where cogeneration is not feasibleò. In order to understand the included scenarios, 

it needs to be split up:  

Heat fulfilling the conditions of being (1) unavoidable, (2) unintended (i.e., by-product) and (3) otherwise 

disposed, is waste heat by RED II definition, if 

1. there is no access to a DHC system with CHP 

2. there is no access to a DHC system with the future use of CHP 

3. there is no access to a DHC system in which CHP is not possible. 

 Heat fulfilling the conditions 1 through 3 is not waste heat by RED II definition, if 

4. there is no access to a DHC system in which no CHP is used (even in the future, although it would be 

possible) 

5. there is access to a DHC system with CHP 

6. there is access to a DHC system with the future use of CHP 

7. there is access to a DHC system in which CHP is not possible 

8. there is access to a DHC system in which CHP is not used (even in the future, although it would be 

possible). 

The consequences are discussed below. 

 

DISCUSSION 

Is it appropriate to distinguish between the two heat sources RES and waste heat, and if yes, how should they be 

weighed by legislation? The answer to the first question is simple: While fossil and renewable energy are to be 

viewed separately, unavoidable/unintended/elsewise disposed waste heat can occur from both, processes with 
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original fossil and RES input. Thus, waste heat and RES are not the same and distinguishing between them is 

appropriate. Accordingly, the RED II and our legal analysis of its definitions comes to the conclusion that there 

is no differentiation within the definition of waste heat in relation to the respective input energy use, i.e., if it is 

recovered from a fossil or renewable process. Based on the argument, a 2x2 matrix can be derived, which 

represents the possible sources of the heat supply. In this simplified figure, we neglect potential transitions 

between and single cells (e.g., ambient energy, as described above) as well as known discussions on e.g., life 

cycle emissions. From this figure and based on literature statements, we want to clarify how legislation should 

handle RES vs. waste heat. 
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FIGURE 1: FOUR POSSIBLE SOURCES OF DISTRICT HEATING HEAT SUPPLY (SOURCE: ENERGIEINSTITUT AN DER JKU LINZ) 

 

The upper right box is the one to be avoided as it complies with none of the two requirements of a sustainable 

energy system. The lower left box is the optimum as, obviously, using waste heat from processes with RES input 

is the long-term goal. Ideally, it is possible to transform the heat supply of a district heating system from the 

upper right box to the lower left box.  

9. Waste heat from fossil processes (lower right box) is often regarded as being fossil itself. From an 

economic point of view, significant turnover from selling waste heat may result in reluctance to modify 

or fuel-switch fossil processes, causing a so-called lock-in effect. However, most of the time waste heat 

revenues are negligible compared to process costs. As fossil processes will be existent in the short to 

medium term, using their waste heat to avoid direct heat energy input remains an option. Moreover, in a 

sustainable energy system, fossil processes shall not exist (due to carbon pricing or prohibition), and 

thus, in the long run, waste heat from fossil processes is not available. 

10. In a sustainable energy system, efficient use is crucial. RES do not have unlimited potential. Low-

temperature energy demand should be supplied by low-temperature sources like waste heat, as a cascaded 

and exergy-oriented use increases primary energy efficiency. High-quality RES should supply high-

quality needs. Despite of that, using RES for heating is a definite step towards carbon neutrality and can 

be chosen if RES are available at low costs and do not undermine high-quality usage.  
Based on this qualitative illustration, it is not clear whether direct renewable energy input or waste heat from 

existing fossil processes should be given preference. Therefore, we consider the approach of the RED II to 

mention RES and waste heat them in parallel to be appropriate.  

 

THE PREFERENCE OF RED II FOR RES 

The eligibility of waste heat and cold does not depend on the original fuel used at the source process. Any waste 
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heat can be used to meet the heating and cooling sector target, and the DHC subsector target, whether it comes 

from biomass, renewable electricity, or fossil fuels. Heat or cold used externally that could not be used internally 

is considered equivalent to RES under Article 24 (4) of the RED II.  

11. But it does not count towards the overall EU renewables target or national renewable energy 

contributions.  

12. Furthermore, there are percentage requirements in the RED II, defining a minimum share of the targets 

to be achieved with RES (and not with waste heat).  

This can clearly be interpreted as a preference of the RED II towards RES which implies that Member States can 

exceed the requirements of the RED II in their national implementation and that there is a certain probability that 

amendments of the RED II put even higher preference to RES. While waste heat from RES is probably not 

affected (it is also positioned in the left ñrenewable columnò in the box above), there are significant uncertainties 

for the use of waste heat from fossil processes. The use of waste heat from fossil processes is not only subject to 

the ñusualò risk of (i) process modification (e.g., when switching to RES) but now also to (ii) non-eligibility for 

meeting the national targets of RED II or subsequent directives. This will result for a waste heat user who is able 

to decide whether to use one MWh from waste heat or RES, to decide in favor of RES, ñceteris paribusò. If the 

risk of non-eligibility remains, the aversion to waste heat from fossil processes increases and it will remain 

unused. We identify essential problems arising from impending non-eligibility: There are industrial sites that are 

not connected to district heating or do not provide waste heat to other local companies that can use the waste 

heat. In some cases, industrial process modification will be simple (e.g., switch steam boilers to green gas fired 

ones) and will not affect waste heat amounts, in other cases process modification will be complicated (e.g., 

hydrogen steel making) but companies will remain on-site and will still show waste heat flows (maybe other 

volumes, temperatures, profiles). However, as these companies are not connected today ï due to the risks derived 

from RED II ï companies or district heating systems that could be supplied from waste heat will then rely on 

RES plants, i.e., district heating companies will have invested in RES solutions to comply with the directive. 

Then, the integration of waste heat (then: ñRES waste heatò) will not happen due to economic reasons ï the same 

ones as today (economic feasibility, trust, backup issues, etc.). 

 

INCOMPREHENSIBLE DEFINITION  

The above subsection explains an uncertainty resulting from a political process, demanding more clarity for the 

transformation process in general. However, further uncertainty comes from the definition on waste heat. 

Normally, definitions should help to clarify what is meant, but the RED II definition on waste heat even increases 

unclarity. It is only one fact that the definition of waste heat is so narrowly but at the same time unclearly 

regulated. This narrow interpretation can lead to uncertainties in the case of planned waste heat utilisation. If one 

of the parameters listed above is not clearly identifiable, the heat used may not be counted as waste heat according 

to Article 2 no. 9 and subsequently not be counted towards the targets according to Article 23 or 24 of RED II. 

13. First, and already elaborated above, the definition leaves open if heat from CHP is accountable as waste 

heat, due to not being a by-product from cogeneration from a technical perspective. 

14. Second, the definitionôs second part increases unclarity. It is not clear (i) what these additional provisions 

aim for, (ii) what their added value to the points 1-3 is and (iii) and whom they support or restrict. 

Moreover, the additions do not appear arguable. Neither experts nor the RED IIôs recitals can help here. 

Some experts identify a support for CHP, but points a-c suggest that a plantôs residual heat is waste heat, 

if DHC system does use a CHP (points a, b, c), which is to be substituted. While CHP sustain a high level 

of exergy through electricity generation, they are a few percentage points behind a heat-only boiler in 

terms of overall efficiency. Industrial residual heat would not be accounted as waste heat if the plant is 

already connected to the district heating network. Perhaps what is also meant is that if a CHP is present 

during operation, its residual heat does not count as waste heat; but this cannot be read from the definition. 
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EXCURSUS: CONTRADICTIONS WITH ñAMBIENT ENERGYò 

According to Article 2 No.1, ambient energy counts as RES. Remarkably, the heat recovered from the wastewater 

system is considered ambient heat and thus renewable, but not waste heat. As for waste heat, there is also no 

distinction made if the wastewater is warmed by RES or fossil fuels, nevertheless this ambient heat always is 

RES. Wastewater heat can be recovered either from the sewage system, like a building sewer, wastewater pipes 

or a wastewater treatment plant. Naturally, wastewater is mainly found near cities and conurbations and thus 

potentially usable in district heating. Based on the definition of waste heat in the RED II, one could argue that at 

least the share of wastewater heat that is a by-product of industry or the service sector should be considered waste 

heat. However, there seems to be no easy way to calculate the shares of wastewater from the household sector 

and other sectors once they have been combined in wastewater pipes (JRC 2021, 20).  

Industrial and power plant cooling systems either dispose energy to air or water. Therefore, the question arises 

why exhaust air is excluded when wastewater is included in the definition of ambient energy. The energetic 

difference is not clear between exhaust air heated by industrial processes and wastewater heated by the discharge 

of industrial waste heat (Jouhara 2010, 18). RED II recognises heat pumps as renewable energy technologies 

according to Recital 49 RED II, and it is recognised that outdoor air is a renewable energy. In this context, it is 

not clearly argued why other technologies that use exhaust air are not treated in the same way as renewable 

energies in the directive. After all, exhaust air contains energy that is readily available but is lost outside the 

building/industrial furnace if it is not recovered. Using exhaust air as a heat source is more efficient than using 

outside air because of its higher temperature and it seems questionable why to treat recovered exhaust air 

differently from ambient air. (EVIA 2017).  

Accordingly, the directive with its definition of ambient energy is not always coherent and conclusive and makes 

no difference concerning the primary energy input. 

 

CONCLUSIONS 

In Article 24 (4) of RED II, heat from RES and waste heat are largely treated similarly. This approach of legally 

distinguishing renewable energy sources and waste heat, but treating them largely the same, is appropriate. 

However, the definition of waste heat has urgent need to become clear, so that there may not be a 

misunderstanding whether the used heat is waste heat at all and can be counted towards the targets of the RED 

II. When transposing the directive into national law, the national legislator could create a clear and detailed 

understanding of waste heat and its interrelation with RES and, for example, ambient heat. Another alternative 

for clarification is to leave out the incomprehensible second part of the waste heat definition.  

Waste heat is considered equivalent to renewable energy under Articles 23 and 24 of the RED II but it does not 

count towards the overall EU renewables target or national renewable energy contributions. Moreover, the 

contribution of waste heat is limited in the overall heat and cold target. If society strives for a sustainable energy 

system, the aim is the exergy-efficient provision of DHC with waste heat that comes from a process originally 

supplied with RES. (i) When DHC systems only switch from fossil to renewable energy input, processesô waste 

heat is likely to remain unused, and it is likely that also the waste heat from processes with RES as original energy 

input remains unused. (ii) If waste heat from a process with fossil energy input is connected to a DHC system, it 

is likely that waste heat will also be used after a decarbonizing process modification. Thus, waste heat from fossil 

input energy should be politically accepted in order to increase investment certainty for use in DHC systems, 

and, equally important, at the same time, the switch of industrial processes and power plants to RES must be 

politically enforced. 
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ABSTRACT 

A considerable amount of ammonium (in the form of Nitrogen salts) is available in various waste 

product streams such as industrial wastewater, municipal sewage or digestate. The valuable 

ammonium bound hydrogen in waste products can be used as an energy fuel if transformed into 

NH3 (gas). NH3 is a hydrogen vector that can be used as fuel in a solid oxide fuel cell (SOFC) and 

as a reducing agent in a chemical looping combustion (CLC) to store high temperature heat.  

In order to use the ammonium bound hydrogen from these aqueous sources, a technology capable 

of recovering it in the form of a gaseous stream is preferred. Within the project "Ammonia-to-

Power" the technology vacuum membrane distillation (VMD) was developed and assessed for 

ammonia gas extraction from different waste stream sources. The project has explored the 

potential of using the NH3 recovered from these streams to feed a SOFC fuel cell developed by 

AVL and tested at TUGraz to produce power and heat. In addition to system development a techno 

economic analysis of a real-scale plant for two specific applications (The Sewage treatment plant 

of the city of Gleisdorf and the ASFINAG Motorway rest stop Laßnitzhöhe) has been performed.  

Additionally, a second project together with BOKU (Ammonia2HeatStorage) explored to a 

prototype level, the possibility of using of the VMD recovered NH3 as reducing agent in a CLC 

system for long-term heat storage. One of the main advantages of a CLC storage system is that 

heat can be stored chemically for several days to months without any loss. However, reducing 

agents based on fossil fuels are still mostly used for the CLC technology. The innovative concept 

of the Ammonia2HeatStorage project was to provide the CLC reactor with the recovered-from-

waste NH3 via VMD. 

This work will show the main outcomes of both projects and the potential such technological 

combinations have for power (VMD+SOFC) and heat (VMD+CLC) generation. The VMD 

experimental results proved the feasibility of extracting ammonia at low temperature (30-40°C). 

Applied at a communal waste water treatment plant of Gleisdorf (50,000 p.e), such VMD 

extraction technology could serve a modular 10 kWe SOFC system to generate ~245 KWhe/d. 

Future optimization is currently researched to reach highest possible ammonia concentrations in 

the product stream. This would also be necessary for CLC application. The storage possibility of 

ammonia in a CLC system was successfully demonstrated at prototype scale. The CLC reactor 

was able to reach temperature differences of more than 100 ° C and a power density of around 

39 kWh/m³ with NH3 and 125 kWh/m³ at 600°C when oxidized with air. 

Keywords: Ammonia; Liquid Waste Streams; Vacuum Membrane Distillation; Solid Oxide Fuel 

Cell, Chemical Loop Combustion.  
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SUMMARY 

Certain rural areas in the Mekong Delta in Vietnam do not have access to modern infrastructure, but they have 

plenty of biomass and sunshine. In our project we generated agro-industrial systems that generate a circular 

economy in small villages. Background to the case studies is a mathematical model that allows the calculation of 

mass and energy flows in the Ago-Industrial Zero Emission Systems (AIZES), the economic parameters and the 

impact on the environment. The model allows the design of closed cycles and useful cascades.  

The paper describes the approach with six different small scale agro-industrial systems and results regarding the 

environmental and economic impact.  

Key-words: Zero emission system, small scale agro-industry, Vietnam, mathematical model, case studies  

 

BACKGROUND 

In the Mekong Delta in the South of Vietnam, there are numerous villages specializing in specific crafts or 

agricultural products. In such "craft villages" many of the local families practice the same craft. A typical village 

will produce either grass mats or rice starch, flowers, fish, seafood, or coconut products, etc.  

Infrastructure in the Mekong Delta is poorly developed. The roads and bridges are often only suitable for single 

lane vehicles, there is no comprehensive water supply . There are hardly any sewage systems, and the power 

supply is often based on small diesel generators serving a village or single families only. While there is both 

abundant biomass and water, the latter is mostly heavily polluted and / or brackish. Most significant are both lack 

of awareness (low educational level, including insufficient knowhow on serious environmental impacts from 

dangerous pollutants) and high construction costs for waste treatment facilities (Le Than Hai, et al. 2016).  

The solution for this environmental and societal problem is called Agro-Industrial Zero Emissions Systems ï 

AIZES. This structural prerequisite provides a good basis for establishing a local emission-free circular economy 

driven by renewable energies. For this purpose, a system must be designed that includes water, energy, recyclable 

materials (fertilizer) and food and interlinks them in cycles. A prerequisite for simple modelling and practicable 

implementation is the structuring of the systems into functional units that reiterate and can be quantified.  

 

THE MATHEMATICAL MODEL 

One of the most popular integrated production models in rural areas worldwide is the crop/livestock farm. This 

approach brings benefits such as increase of harvesting capacity, soil remediation, reduction of fertilizer costs 

and reduction in feed needed for animals (Russelle et al., 2007). Thus, this approach becomes more and more 

popular and plays an important role in the economic development of the rural sector  

The model allows economic and environmental benefits due to reutilization of wastes from food processing for 

feeding at livestock farms, which helps to reduce feeding costs. The main components which are usually seen in 

the system at a household in craft villages in Vietnam, especially in the Mekong delta, are the house (for living), 

a workshop (for performing a craft), a pond (with or without fish), a garden for crops, a breeding facility (livestock 

farm) and a rice field (cultivation) (Le Than Hai, et al. 2016). There are several types of ponds as garden ditch, 

irrigation canal, fishing pond, natural pond having floating plants or a canebrake pond. Different types of gardens 

mailto:hans.schnitzer@stadtlaborgraz.at
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may occur, like fruit farming garden, vegetable/flowers garden, empty land or not cultivated grassland. A typical 

household consists of house, vegetable garden, green trees, and a breeding area of 400 m2. Further, wastes from 

livestock farms are partly split for composting reducing pollutants load to wastewater treatment plants and hence 

minimizing their necessary capacity and, therefore, the construction costs for biogas plants. Wastes converted 

into compost fertilizing crops and feed earthworms. The utilization of food waste for pig feeding contributes to 

increased household income of the craft villages in rural areas. Additionally, anaerobic technique coupling to 

available natural wetlands lower operation costs for wastewater treatment systems. The model developed consists 

in the following modules: 

¶ Household (family size enterprise)  

¶ Pig breeding (for family income) 

¶ Cattle stable (for family income) 

¶ Garden or field (for family income) 

¶ Fishpond or seafood farming (for family income) 

¶ Specific production processes, such as production of rice starch, rice paper, coconut jelly, grass mats, ... 

(for family income) 

¶ Constructed wetlands for water purification (infrastructure) 

¶ Activated carbon filter for water purification (infrastructure) 

¶ Biogas plant to produce gas and fertilizer (for own use only) 

¶ PV system for energy supply (for own use only) 

¶ Biomass combustion for heat and cooking (both for the business and the household) 

¶ Composting plants (for own use) 

¶ Earthworm breeding (generation of soil and chicken feed; for own use only) 

Input/output relations are known for these modules and are connected in the model by material and energy flows. 

Investment and operating cost as well as the respective energy demands for each unit are established. In the 

modelling individual units are linked from a systems point of view, which is used to calculate energy, material 

and monetary flows. 

 

Fig. 1 shows the design of such a system and the relations between the elements. The maximum structure is given 

by the following streams:  

1 organic waste from the workshops makes food for poultry, pigs, etc.  

2 products are shipped to markets and places of consumption,  

3 some production waste can be reused by composting,  

4 wastewater generated from production is led to a central wastewater treatment plant,  

5 wastewater generated from the household is led to central wastewater treatment plant;  

6 wastewater from the biogas tank is ledto the central wastewater treatment plant,  

7 wastewater after treatment is discharged into the pond;  

8 water from pond for watering plants, garden é;  

9 manures discharged to biogas tank;  

10 biogas used for the household;  

11 sludge generated from biogas after dredging goes to the compost,  



 

53 

 

12 pig manure residues are used for composting,  

13 biogas used as fuel for production  

14 less polluted waste water (e.g. from washing cages é) led to central wastewater treatment plant;  

15 organic domestic waste used for composting;  

16 inorganic waste, scraps will be collected and processed;  

17 manures made from earthworm that have higher levels of nutrients used as fertilizer;  

18 compost used to fertilize plants;  

19 compost used to feed the earthworm 

 

The wokshop can be split into several production steps, if needed. Figure 2 shows an example of the scheme of 

rice paper production (Le Thanh Hai et al. 2020) 

 

FIGURE 1: CLOSED ECOLOGICAL MODEL FOR PRODUCTION HOUSEHOLDS IN THE VILLAGES IN THE MEKONG DELTA 
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FIGURE 2: SYSTEM OF MODULES FOR THE PRODUCTION OF RICE PAPER 

On the basics of goal programming, the team developed an integer-programming model for the selection of 

Cleaner-Production options in cases of multi-innovation objects and multi-alternative scenarios. With the 

constraints given, the model defines which objects, and which alternatives can be used for innovation to obtain 

the optimal objective (Thanh van Tran et al., 2017).  

Both exergy and energy analysis methodologies are used for analyzing energy efficiencies in various processes, 

including agriculture. The concept of exergy analysis is used to underline the potential for resource efficiency in 

alternative processes in the agricultural system. For development of an integrated ecological system aiming 

towards zero emissions, the analytical methods of material cycles and energy flows utilized a set of indicators of 

resource efficiency in a sustainable agriculture (Nguyen Thi Thu Thao et al. 2020) 

 

RENEWABLE ENERGY IN AGRO-INDUSTRIAL ZERO EMISSION SYSTEMS 

Although Vietnam is a country in the hot region, the ratio of renewables in the national energy supply is low. 

Coal and gas account for about 70% of the national consumption4. Renewables are at ~2% and solar less than 

1%. 

In our project we used renewable forms of energy for the following purposes: 

Solid biomass for cooking and drying processes 

Biogas for electricity generation and cooking 

Solar radiation for drying (outside the rain season) 

Photovoltaic for electricity 

Biochar, created by mixing the biomass residues from workshops with local plants and pig sludge, creating high 

quality fertilizer and improving soil quality  

Although there is some wind most of the time, wind turbines were not considered. Hydro power is not possible 

due to the fact, that the river has no strong current.  

 
4 https://ourworldindata.org/energy/country/vietnam  

 

https://ourworldindata.org/energy/country/vietnam
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METHODOLOGY AND CASE STUDIES  

The team of Prof Hai Le Thanh carried out several case studies. Hans Schnitzer from the Graz University of 

Technology and StadtLABOR coached most of the projects. In general, we started with putting the modules into 

a scheme and connect them with flows. Then basic data were defined. Each module has its typical conversion 

data (e.g. amount of excrements per pig, amount of biogas and sludge per pig, yield of rice per hectare, é). A 

mathematical solver estimated the real mass and energy flows. 

In a second step, economic calculations have been performed. Investment data of the main processes are known 

and scaled to the actual size. Mass flows are weighted with prizes. So, the economic performance of the system 

could be found.  

The model also provides emission data (outgoing flows) that can be compared with the previous situation. In that 

way the environmental impact of the system change can be quantified.  

 

RICE STARCH PRODUCTION 

Dong Thap province has about 1000 households that produce rice starch with or without affiliated pig breeding. 

One of these starch production craft villages in Tan Phu Dong Ward, Sadec City, is listed as a focus pollutant 

village. The characteristics of rice starch production together with pig breeding in a livestock farm at the same 

site provide a big challenge in pollution control for this local craft village (Yang et al., 2015). Electricity 

consumption during processing is mainly for operation of electrical motors such as grinder, pump, and stirrer. 

Grain grinding needs most of the electrical energy, followed by stirring of the rice starch suspension. Wastewater 

is generated mainly from soaking and settling, a solid waste derives from residue settling. Wastewaters from 

soaking and washing take a smaller percentage, but contain higher concentrations of organic, N and P compounds. 

Based on the approaches of the model, the main potentials for material flow exchange within the household are 

wastes from rice starch processing such as water from rice washing (containing high pollutants concentration) 

and starch residue reused for feeding pigs. After 6 months of operation, the results show that the model helps to 

reduce pollution, and the quality of the wastewater flow after the system meets the environmental standard 

required. Additionally, an increase of the economic benefits for the family is proven. After applying a flow 

separating installation removing about 80% of pig manure and urine from the wastewater flow and  reutilizing 

starch residues and rice washing water for pig feeding, the concentration of pollutants in input and output 

wastewater flows of the treatment system could be decreased. In addition, due to the separation of manure and 

urine, the N concentration is reduced significantly. Moreover, this operational mode helps to reduce N more 

efficiently compared to the separation of manure only (Le Thanh Hai et al. 2016). 

 

SEDGE MATS 

The sedge mats craft villages (dyeing, weaving processes, and small-scale livestock farm at the same place) in 

the Mekong Delta are the most popular craft villages in Vietnam. These craft villages generate typical emissions 

such as exhaust gas from burning fuel, wastewater from the sedge mats dyeing and weaving process, wastewater 

from livestock farm, and solid waste. Methods: For these craft villages, an ecological system, so-called 

VICRAIZES (Vietnam Craft Villages Agro-based Industrial Zero Emission System), has been developed with 

the purpose of decreasing pollution and enhancing resource efficiency. The proposed ecosystem focused on 

measures such as a biogas tank (using residue pieces of solid sedge mats from weaving) supplying gas for heating 

the dyeing tank, as well as a  wastewater treatment system combining three components: innovative septic tank 

featuring upward flow thin baffles, an anaerobic filter compartment, a bio-pond, and the composting area. The 

system was applied for several household craft villages in the Dong Thap Province. The results of this 

demonstration system show significant emission decreases: 93 % greenhouse gas (CO2 and CH4), 97 % BOD5 

in wastewater, around 30 kg/day biodegradable garbage are composted and used as organic fertilizers at the 

household needs (which increase family income by around 115 million VND/year5), low initial investment and 

 
5 Corresponds to ~ ú 4.500 in Jan. 2022 



 

56 

 

operating costs, simple operating procedure, etc., which are favorable and well applicable at the low income 

sedge mats dyeing and weaving craft villages in the Mekong Delta area, Vietnam, and probably at other 

developing countries (Thanh Hai Le et a. 2016). 

 

CATFISH FARMING 

The purpose of this study was to investigate the process of waste treatment (wastewater and solid waste) within 

an intensive catfish farming agro-based zero emission integrated system (AZEIS) in which the fish farming, 

livestock and cultivation are combined in the same area, as well as the role of this process for soil melioration of 

the garden in the same integrated system. The material flow analysis (MFA) technique was used throughout the 

study for calculating efficiency of waste treatment processes and for conversion/accumulation of materials with 

the purpose to improve the soil quality for cultivation purposes in the garden. The experimental results showed 

that the garden in the system plays an important role in absorption, conversion, uptake, and accumulation of the 

nutrients from waste flows, and by that way, in effectively removing pollutants from waste flows as well. In this 

system, the wastewater from catfish ponds was treated by using water morning glory, a local aquatic plant, before 

being reused for watering the cultivation plants in the garden. The removal rate of Total Organic Carbon was 

33.3%, Nitrogen 21.7%, Phosphorus59.5% and Kalium 37.5%.   All the solid wastes (sludge from catfish ponds, 

cow manure from livestock, and absorbed biochar material) were reused as organic fertilizer (compost) and 

served as sources of additional nutrients for cultivation of Pennisennon purpurecums-schumach grass and maize 

plants in the garden. Biochar material, which was produced from dried leaves in the garden, was used for 

treatment of biogas effluent before using later for watering the garden. The total of wastewater after being treated 

and reused for maize plants was 9575 m3/ha, of which absorbed water by maize plant was 48.02 m3/ha, and 9527 

m3/ha was evaporated and accumulated in soil. The Nitrogen absorbed by maize plant was 4.12 g/m2, and the soil 

organic carbon stock in the AZEIS system was 0.19 mg/ha/crop (Tra Van Tung, et al, 2021 and Tran Thi Hieu 

2020). 

 

SMALL SCALE CATTLE FARMS  

The proposed integrated farming system improves agricultural productivity and environmental and sanitation 

conditions, minimizes the amount of waste, and increases the family income by up to 41.55%. Several waste 

types can be recycled and transformed into valuable products, such as energy for cooking, organic fertilizer for 

crops, and cattle feed for breeding. Wastewater effluents from the biogas tank can be treated by biochar and 

results show that it will then meet the standards for irrigation purposes. Also, the waste flow from cattle breeding 

supplies enough nutrients to cultivate plants, and an adequate amount of feed  for the 30 cows living on the farm. 

This research shows that the implementation of an integrated farming system could reach the zero-emission goal. 

Thereby, it provides a sustainable livelihood for cattle breeding family farms. The proposed integrated cattle 

breeding and cultivation system improves agricultural productivity, environmental load and increases the farmer 

income by up to 41.55% (Le Thanh Hai et al. 2020a). 

 

RAW COCONUT JELLY 

Raw coconut jelly is a popular byproduct of the coconut processing industry in the Asia Pacific which can 

enhance the added economic value for the local families in the rural area. However, the coconut jelly production 

has resulted in significant environmental impacts, particularly to the aquatic environment due to its heavily 

polluted wastewater e.g., very high values of COD (up to 120,000 mg/l), of total nitrogen (up to 1,740 mg/l), and 

of total phosphorus (up to 64 mg/l). The available wastewater treatment technology for such a type of wastewater 

is likely to be not economically feasible due to the small-scale production at craft villages in the developing 

countries. This study developed and demonstrated an integrated eco-model for small (family) scale production 

of raw coconut jelly in craft villages which applied Cleaner Production solutions for pollution prevention on the 

basis of conditions available at the local family. The system demonstration showed a win-win solution for the 

family with major benefits like a  reduction of 90% of pollutants (i.e 27 kg COD, 21.4 kg BOD5, approx. 7 kg 
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N, 113 g P and 28 kg SO4 for one production batch), as well as additional benefits by a reduction of 90 % of 

investment and operating costs of the wastewater treatment plant (Le Thanh Hai et al., 2020b). 

 

SMALL SCALE RICE PAPER PRODUCTION 

In this study, we developed and demonstrated an integrated closed eco-system for pollution reduction and 

prevention in rice-paper producing and livestock farms in a small-scale craft village which is in a dry region of 

Vietnam with a lack of available surface water sources. The system is developed based on material and energy 

exchange potentials between the wastewater and exhaust gas flows, and the use of available firewood ash as 

material for absorption. Two operation modes were presented aiming at a complete treatment of wastewater and 

exhaust gases as required by the Vietnamese national standards, and the recovery of valuable components in the 

system (N, P) for obtaining value-added products (such as fertilizer, irrigation water, etc.). In addition, the 

maximization of potentials in existing natural conditions at the local family, the avoidance of chemicals used in 

the system etc. have also helped to lower the investment and operation costs of the treatment facilities. The 

application of this system also contributes to the ñgreeningò of the rice production chain in the Mekong Delta, 

Vietnam and is an example for a local closed cycle economy (Le Thanh Hai et al. 2020c) 

 

PROJECT RESULTS AND CONCLUSIONS 

On-site implementations, which were carried out based on the simulation results, show promising results. On the 

one hand, the environmental pollution caused by wastewater and liquid manure decreased, on the other hand, the 

use of fossil fuels could be reduced. The calculated values given in chapter 5 could be generally verified.  

Waste emission in rural areas in general and in small scale industry (including craft villages) in particular is one 

of the major causes of environmental quality degradation and negative impacts on public health. How to design 

and apply a wastewater treatment technology that has low initial investment cost, simple operation procedure and 

low operation cost is the most important issue for craft villages in developing countries and could be demonstrated 

in the case studies.  

Regarding familiesô economics too, the projects were very successful. The measures paid for themselves in a 

short time and led to an improvement in household budgets. From a macro-economic point of view, in addition 

to the savings in fossil fuels, it should be noted that the quality of life for the participating families in the craft 

villages has increased, which is seen as a measure against rural exodus.  
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SUMMARY 

The CONVERGE project is built around the concept of risk mitigation for new technologies. Five innovative 

technologies are developed further in this project which can be used in the same process but can also be used in 

flowsheets separately. The use of the developed technologies in ten different energy intensive industrial sectors 

is considered in this study. 16 process flowsheets were generated and compared to the conventional processes, 

using four key performance indicators to rank the different cases, resulting from a multicriteria approach. For all 

cases, implementing at least one of the CONVERGE technologies resulted in higher KPI-rankings, with the 

standout cases being: fuel upgrading in the steel industry, cleaning raw product gas from waste gasification, 

reforming in conjunction with solid oxide fuel cells, and reforming pyrolysis gas from biomass pyrolysis.  

Keywords: state-of-the-art, KPIs, multicriteria analysis, fuel upgrading, process efficiency 

 

INTRODUCTION  

The CONVERGE project (CarbON Valorisation in EneRgy-efficient Green fuEls) [1] aims to validate a multi-

step process configuration for advanced biodiesel production and takes advantage of innovative technologies, 

specifically selected to improve each conversion step required from biomass to biodiesel, yielding higher 

efficiency and lower cost. In particular, the new process is based on five new technologies, shown in Figure 1. 

Furthermore, each of the five technologies can be implemented as a stand-alone function within a modified state-

of-the-art technology chain and thus provide immediate performance and energy efficiency improvements. In 

this study, the opportunities to valorize these technologies in other energy intensive industrial sectors are 

explored. 

FIGURE 1. PROCESS FLOWSHEET FOR CONVERGE PROJECT AND THE FIVE INNOVATIVE TECHNOLOGIES (CCT, AREA, SER, EHC, 
EMM) 
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The five innovative CONVERGE technologies are: 

¶ CCT: Catalytic Cracking of Tar. The CCT reactor converts the C9+ carbon species from the product gas  

to C-C  fractions (Benzene, Toluene and Xylene or BTX) at a similar temperature to the preceding 

gasification step, avoiding exergy destruction. This is done by tuning the catalytic process to the reactor 

residence time. By converting the tar, the amount of BTX produced in the process can be doubled. 

¶ AREA: Aromatics Recovery Apparatus (BTX-scrubber). The AREA reactor combines the removal of 

BTX with the organic sulphur components in one unit operation. Avoids the need to pressurise all the 

producer gas to perform hydrodesulphurisation and creates an extra revenue stream. Using a proprietary 

scrubbing liquid the operational temperature range is increased allowing for better sorption and 

desorption. The liquid is also very stable at high temperatures, and this mitigates degradation or excessive 

loss due to evaporation. The separation efficiency is 99% even at dilute concentrations, compared to 

conventional BTX scrubbing which is typically around 90%. 

¶ SER: Sorption-Enhanced Reformer. The SER combines the removal of CO  with the reforming of C-C  

containing product gas to H  product along with simultaneous water gas shift. This involves the use of 

high temperature CaO-based sorbent together with reforming catalyst. It lowers the temperature at which 

reforming is performed, and produces a CO  stream that only partially needs to be compressed for 

methanol (MeOH) production. The main advantages of the SER process compared with adding 

separation of CO2 to a conventional reforming process are that fewer reaction vessels are required, higher 

hydrogen yields (>95 mol%, dry basis) are obtained in one single process step, no shift catalysts and CO2 

solvents are required, and the integration of heat between the exothermic carbonation and endothermic 

reforming reaction improves the energy efficiency. 

¶ EHC: Electrochemical Hydrogen Compressor. The EHC separates and compresses the H  from the SER-

stream. The remaining gas is used as a fuel for the other units. The solid state compression of hydrogen 

offers several advantages compared to the conventional mechanical, such as lower initial and 

maintenance costs due to no mechanical components, lower energy consumption, being compact, and 

fully silent. Additionally, EHC cells can be stacked which allows for fully modular scaling of capacity.  

It also has the protentional of combining purification and compression of hydrogen as the process is 

selective for hydrogen. 

¶ EMM: Enhanced Methanol Membrane. Combines the conversion of CO /H  to methanol with the 

separation of products that inhibit the conversion, i.e. H O and methanol. Due to in situ separation of 

inhibition products the catalyst for methanol production operates more efficiently as the composition 

remains further away from equilibrium. In conventional methanol production a single pass conversion is 

normally around 20% whereas the EMM reactor achieves >30%. This results in a lower recycling rate 

and thus a smaller and therefore less expensive reactor is required. Furthermore,  the combination of SER 

and EHC can provide a 99% purity mixture of CO2 and H2, which allows for the 97% overall carbon 

usage instead of the conventional 80%. 

 

METHODOLOGY 

Ten different industrial sectors are considered, in which, implementing the innovative CONVERGE 

technologies can have a positive impact both economically and environmentally. Figure  summarizes the main 

industries in which the five technologies are integrated, along with the possible (co-)products. From these 

industries, 16 different flowsheets with CONVERGE technologies implementation were generated and 

compared to the conventional reference case for each industry; examples of which is shown in Figure , 4 and 

5. The list of cases and a short description can be seen in Table 1. 
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FIGURE 2 INTEGRATION OF THE INNOVATIVE CONVERGE TECHNOLOGIES TO DIFFERENT INDUSTRIAL SECTORS 
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FIGURE 3. CASE 4) FLOWSHEET SHOWING THE CONVENTIONAL PROCESS FOR STEEL PLANT, AND THE CONVERGE TECHNOLOGIES 

IMPLEMENTATION FOR TAR CRACKING AND BTX CO-PRODUCTION OF COKE OVEN GAS (COG). 
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FIGURE 4. FLOWSHEETS SHOWING CONVENTIONAL GASIFICATION OF WASTE STREAM CASE 10) CONVERGE TECHNOLOGIES 

IMPLEMENTATION TAR CRACKING AND BTX SCRUBBING AND CASE 11) INCLUDING HYDROGEN SEPARATION AND COMPRESSION. 
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FIGURE 5. CASE 15) FLOWSHEET SHOWING CONVERGE TECHNOLOGIES IMPLEMENTATION IN A SOLID OXIDE FUEL CELL SYSTEM WITH 

SORPTION ENHANCED REFORMING UTILIZING FUEL AND AIR TO HEAT THE PROCESS. CASE 16) FLOWSHEET SHOWING CONVERGE 

TECHNOLOGIES IMPLEMENTATION FOR REFORMING AND PURIFICATION OF PYROLYSIS GAS FOR USE IN BIO-OIL UPGRADING. 

For ranking the different cases, a multicriteria approach was selected, using four key performance indicators 

(KPIs). The KPIs were selected in order to give an estimate of the economic and environmental potential, as well 

as the challenge of implementing a CONVERGE technology in the different industrial sectors. Each KPI is 

measured on a scale of 1 to 10 and results from a comparison between the conventional process and the case that 

implements the CONVERGE technologies. The four KPIs are: 

 

KPI1: Product Market Size: measures the overall macro-economic impact of applying the CONVERGE 

technologies in the different cases. The KPI consists  of 4 sub categories (each valued as 25%): 

1. Product market value of a valorised stream from a CONVERGE unit. If MeOH, BTX or another valuable 

product is produced then this indicates the raw value per tonne produced. The price of raw products 



 

63 

 

produced from CONVERGE technologies generally fluctuate daily and can therefore vary significantly 

within a year. [2-4] 

2. Valorisation of new streams. Are new stream being valorised or are existing streams being upgraded 

when implementing CONVERGE units in the process. 

3. Total addressable market (TAM) of the products in Europe. Measures the size of the market for the 

products generated from CONVERGE technologies [2, 5]. 

4. Size and value of the industry targeted. Indicates the economic potential of the targeted industry sector. 

[6-8]  

 

KPI2: Complexity of Implementation: measures the complexity of the process systems in each case. When 

implementing CONVERGE technologies the number of process units either increases, decreases or an existing 

unit is replaced with CONVERGE technology. In cases where units are replaced, the added/subtracted complexity 

of the process is estimated based on prevailing knowledge. Each CONVERGE unit has a different complexity, 

meaning they are comprised of different sub-units. Those are: 

 

¶ CCT = 1 unit 

¶ AREA = 2 units 

¶ SER = 3 units 

¶ EHC = 1 unit 

¶ EMM = 2 units 

 

The complexity of a system is inversely proportional to the KPI score, meaning a more complex system will 

mean a lower KPI score. For most of the cases this means the conventional industry standard solution will 

generally have a higher KPI score than when implementing the CONVERGE technology. 

For flue-gas and other high content CO2 streams emitted in the conventional processes, it is assumed that CO2 

capture is implemented, even though it is generally not currently considered a standard practice for the evaluated 

industries. 

 

KPI3: Circular Economy and Environmental Impact: evaluates the potential for CONVERGE technology to 

positively impact the circular economy for the different industrial sectors and the environment in general [9-12]. 

The KPIs consist  of three different sub categories: 

 

1. The size of the industry carbon footprint (35%). This is measured in tonne CO2-eq emitted per tonne 

product produced for cases 1-8, 12, 13, 15 and in raw material processed for cases 10, 11, 14-16. (see 

Table 1) 

2. Scale of CONVERGE energy usage compared to industry plant (30%). CONVERGE technologies are 

assumed to be more energy efficient and thus adding value to the considered industries if implemented. 

This category indicates the improvements in energy usage/ increase in efficiency of the CONVERGE 

unit compared to the rest of an industrial plant. 

3. Non-GHG environmental impact (35%). This particular category is based on the impact implementing 

CONVERGE units will have in Life Cycle Assessment (LCA) impact categories other than the climate 

change/greenhouse gas category (kg CO2-eq). This was based on initial results from a concurrent 

CONVERGE study. 

 

KPI4: Product CO2-Reduction Potential: estimates the potential decrease in carbon emissions of the products 

from CONVERGE technologies compared to the conventional method for producing the same product. This is 

based on the difference in energy efficiency of state-of-art production methods [4, 13-15] and the CONVERGE 

technologies, and their subsequent impact on carbon emissions in tonnes CO2-equivalent per tonne product. 

The conventional production methods selected are: 
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¶ Methanol produced using natural gas steam reforming. 

¶ BTX produced using naphtha cracking. 

¶ DME produced using methanol steam reforming.  

¶ Hydrogen produced from methane steam reforming. 

 

In this KPI the conventional reference cases generally score the lowest possible as no new streams/products are 

valorised, meaning no production of BTX, MeOH, etc. 

 

RESULTS 

The calculated KPI-rankings are shown in Table 1. The weight given to the individual KPIs is 30% for KPIs 1 

and 2, and 20% for KPIs 3 and 4, respectively. The KPI rankings for the conventional cases are not included as 

they score lower than the cases implementing a CONVERGE technology. 

TABLE 1. LIST OF CASES EXAMINED, DESCRIPTION OF PROCESS AND CONVERGE IMPLEMENTATION, AS WELL AS THE RESULTING KPI 
RANKING. 

Case nr Description CONVERGE Process KPI 

1 Upstream gasification of fuel in cement plant for BTX and clean product gas. CCT, AREA 6.2 

2 Downstream treatment of flue gas in cement plant for production of 

methanol. 

EHC, EMM 5.1 

3 Combination of cases 1 and 2. CCT, AREA, EHC, EMM 5.8 

4 Cleaning of coke oven gas in steel plant with BTX as a side product. CCT, AREA 6.8 

5 Utilizing SEWGS treated residual gases  from steel plant for methanol 

production. 

EHC, EMM 5.1 

6 Combination of cases 4 and 5 CCT, AREA, EHC, EMM 5.9 

7 Downstream treatment of flue gas in glass works for production of 

methanol. 

EHC, EMM 4.5 

8 Utilizing excess methane from oil-refining using steam reforming and 

sorption enhanced water gas-shift (SEWGS) to produce methanol. 

EHC, EMM 5.9 

9 Same as case 8 but replacing steam reforming and SEWGS with SER. SER, EHC, EMM 6.1 

10 Cleaning raw product gas from large scale waste gasifier producing BTX. CCT, AREA 6.7 

11 Same as case 10 but with added hydrogen production. CCT, AREA, EHC 6.7 

12 Electricity balancing by compressing hydrogen produced via electrolysis. EHC 7.0 

13 Producing methanol using hydrogen stream from chloralkali process. EHC, EMM 6.4 

14 Reforming landfill gas into hydrogen. SER 6.3 

15 Using SER in conjunction with solid oxide fuel cell. SER 6.6 

16 Reforming pyrolysis gas from biomass into hydrogen production some of 

which can be used for upgrading pyrolysis oil. 

SER 6.9 

 

In addition to the KPI-score itself, a marked improvement over the conventional cases KPIs (not included) should 

also be shown, which precludes cases 12 and 13. The standout cases with high KPI-rankings (> 6.5) that also 
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show a marked increase compared to the conventional processes are cases: 4, 10, 11, 15, 16.  Specifically: 

Case 4) In the steel industry, the main source of emissions comes from the use of coke and pulverized coal 

injection (PCI) as reducing agents. The conventional plant is assumed to be a blast furnace plant, as it is the most 

common type. In the CONVERGE technologies implementation the raw coke oven gas (COG) is cleaned using 

CCT and AREA, producing a clean COG and BTX as a side product. Flowsheets of the process is shown in 

Figure 3. 

Case 9 and 10) The waste-to-energy industry is quite significant, with the main applications being waste 

incineration or digestion in landfills. However, waste incineration is a carbon-intensive process undermining the 

efforts to decrease carbon emissions and, thus, to reach carbon neutrality. The use of gasification and/or pyrolysis 

are a smaller segment but have been increasing in scale, supporting the transition to a circular economy due to 

the useful potential products. However, at this moment, the commercial application of waste gasification is for 

heat and electricity production (considered the conventional process for this case). In case 10 The product gas is 

cleaned using CCT and AREA, producing BTX as a by-product. As in case 10, in case 11 the product gas is 

cleaned using CCT and AREA units with BTX as a by-product. Additionally, SEWGS and EHC units can be 

added to use a part of the clean product gas for co-production of hydrogen. Flowsheets of the process is shown 

in Figure 4. 

Case 15) Here the SER technology is used in conjunction with a solid oxide fuel cell, where the excess fuel and 

air from the fuel cell is used to provide heat for sorbent regeneration in the SER unit. A flowsheet of the 

process is shown in Figure 5. For this case, the conventional reference is a combination of the processes: 

generation of electricity, hydrogen production and CO2 capture, as separate processes (not shown). 

Case 16) Similar to gasification, pyrolysis of biomass waste is currently a growing segment of the waste-to-

energy market, where useful solid, liquid and gaseous streams are produced. In case 16, the focus is on the gaseous 

stream, which would normally be combusted to provide heat for the pyrolysis process itself (considered as 

conventional process, not shown here). Instead, in this case, biomass waste is pyrolyzed and the pyrolysis gas is 

reformed using SER, producing a hydrogen stream. This stream can be valorised as is or it can be further used 

for upgrading the bio-oil into bio-naphtha. An example of this process is shown in Figure . 

 

CONCLUSION 

Based on the selected KPI rankings in this study, the implementation of CONVERGE technologies into different 

industry sectors score higher than the conventional processes in all cases. The aim of this study was to narrow 

down which industry sectors could benefit from implementing one or more CONVERGE technologies. Based on 

the KPI-rankings the industries that will benefit from the implementation of the CONVERGE technologies on 

efficiency, economical and environmental level, are the steel industry, the waste gasification, the refinery 

(reforming in conjunction with solid oxide fuel cells), and biorefinery (reforming pyrolysis gas from biomass 

pyrolysis). The selected cases will be further evaluated in a detailed technoeconomic analysis within the 

CONVERGE project. 
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SUMMARY  

The pulp and paper industry is one of the key industrial sectors worldwide and is a cornerstone for conversion 

toward a future bio-economy in particular as lignocellulosic bio-refineries. In this presentation, the potential of 

pressure-driven membrane processes ï microfiltration, ultrafiltration and nanofiltration ï in this conversion will 

be highlighted in three application studies related to thermomechanical, kraft/sulphate, and sulphite pulping. 

Moreover, the challenges of membrane fouling and cleaning in the pulping industry will be discussed and an 

outlook on future developments of membranes in biorefineries will be provided.  

Keywords: Lignocellulosic biorefineries, membrane processes  

 

INTRODUCTION  

The pulp and paper industry is one of the most important industries in the world. The current pulp mills focus on 

the production of pulp fiber and electricity. By converting traditional pulp mills into lignocellulosic biorefineries, 

they can become a cornerstone of a future circular bioeconomy. To achieve this, pulp mills need to close their 

cycles and focus on making the most of the lignocellulosic feedstock not only for fiber, but also for the production 

of biochemicals, biofuels and other advanced materials. In this lecture three case studies of membrane 

applications in lignocellulosic biorefineries are presented which can optimize the use of the raw material wood.  

 

THERMO-MECHANICAL PULPING 

The first application study demonstrates how lignin and hemicelluloses can be treated originating from process 

wastewater from thermo-mechanical pulp production. This process wastewater contains various lignocellulosic 

components such as cellulose, lignin, hemicelluloses and extract substances, but is currently sent for biological 

wastewater treatment. Efficient separation and concentration of these wood chemicals could be essential for the 

use of process wastewater in future lignocellulosic biorefineries. With the use of microfiltration and ultrafiltration 

it is not only possible to separate hemicelluloses from lignin and extract valuable substances, but also to 

concentrate the hemicelluloses at the same time.  

 
SULPHATE/KRAFT PULPING  

In the next application study, the improved use of lignin in sulphate/kraft pulp production is investigated. In the 

classic process, lignin is burned when recycling cooking chemicals and used to generate heat and electricity. 

Alternatively, lignin can be extracted from the black liquor and used as biofuels in the form of bio-oil. The 

production process of sulphate pulp can be intensified with the help of ultrafiltration and nanofiltration by 

combining lignin extraction with the recycling of water and cooking chemicals.  

 

SULPHITE PULPING  

The final application study shows the use of ultrafiltration as a pre-, or post-treatment step in the separation of 

hemicelluloses and lignosulfonates from spent sulphite liquors. Due to the narrow molecular-weight difference 

between the components in the waste-liquors, processes such as antisolvent precipitation and adsorption are 

mailto:frank.lipnizki@chemeng.lth.se
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primarily used for the separation and isolation of said components. However, to streamline the process in terms 

of cost efficiency, a concentration step of the spent sulphite liquor is preferred before the antisolvent precipitation, 

and a concentration step is beneficial after the adsorption process. This will inherently produce a concentrated 

and pure hemicellulose solution with minimal use of antisolvent, adsorbent and cleaning chemicals. 

 

FOULING AND CLEANING  

In addition to the results of the three application studies, results from fouling and cleaning studies to improve the 

performance of membrane processes for lignocellulose applications are presented. The combination of various 

analytical methods provides a comprehensive insight into the processes leading to membrane fouling. Based on 

this, membrane cleaning strategies were developed and successfully tested. State-of-the-art analytical techniques, 

together with advanced analytical methods such as synchrotron radiation X-ray tomography and small-angle X-

ray scattering, will lead to an increase in the sustainability and economic efficiency of membrane processes.  

 

CONCLUSION AND OUTLOOK  

The development of new applications is the key for the conversion of pulp mills to lignocellulosic biorefineries. 

In this presentation, the potential of the pressure-driven membrane processes ï microfiltration, ultrafiltration and 

nanofiltration - has been studied for three different pulping processes. The focus was on the valorisation of 

underutilised side streams to generate high valuable by-products. Furthermore, membrane fouling, and cleaning 

was studied with regard to membrane applications in lignocellulosic biorefineries. Using state-of-the-art 

analytical techniques new insides in membrane fouling and cleaning were generated to improve the sustainability 

and economy of membrane processes. This combined with investigations on the emerging membrane processes 

such as membrane distillation, forward osmosis, electrodialysis and pervaporation will further support the 

conversion of this industry to biorefineries. 

 



 

69 

 

BIOLPG: SUSTAINABLE OFF-GRID SPACE AND WATER HEATING FOR DIFFICULT TO 
DECARBONISE BUILDINGS 

 

Dr Keith Simons 

SHV Energy 

Taurusavenue 19, Hoofddorp, The Netherlands 
Phone: +31 6 83 294 003 

E-Mail:keith.simons@shvenergy.com 

 

SUMMARY 

BioLPG, a drop-in replacement for traditional LPG can be used to provide for a space- and water-heating solution 

in rural and off-grid properties which would otherwise prove difficult (or prohibitively expensive) to decarbonise. 

Being chemically equivalent to traditional LPG, bioLPG can exploit both the existing consumer heating and 

cooking equipment as well as the commercial supply infrastructure. Other emissions (NOx and PM25s) are low, 

ensuring good air quality. As such, the behavioural-change challenge shifts from the consumer and distributor to 

hat of the upstream supply-chains which must find new innovative ways to manufacture a sustainable fuel, 

exploiting sustainable and low-carbon feedstocks such as biomass, agricultural-, residential- and industrial-waste 

products. This leads to the development of new potential supply-chains, often supported by exploiting the benefits 

of sector-coupling.  

Key-words: bioLPG; decarbonisation; biomass; waste; drop-in fuel; off-grid properties  

 
INTRODUCTION  

40.7 million European households (equating to 114 million residents) are located in rural areas that are not 

connected to the natural gas grid. Of these homes, 45% of heating solutions comes from heating oil and coal, 

both of which are slowly being phased-our or banned by national governments keen to decrease carbon emissions 

concomitantly with improvements in air quality1,2. Although electricity-based space and water heating solutions 

such as solar (thermal) and heat-pumps are a viable lower carbon option for modern homes, they are not a one-

size fits all solution for all homes due to constraints imposed by poor energy efficiency, electric grid capacity 

constraints. These solutions can also be challenged by the seasonality of heating demands. Although 

refurbishment and retrofitting could address some of the physical constraints, the high associated costs are a 

barrier to deployment. All of these factors and associated costs are disproportionately higher in European rural 

communities, where poverty is also a disproportionate issue. Similar challenges also exist in developing 

countries, where (traditional) LPG is an important household (cooking) fuel, which is seen as a being a major 

contributor to improving the quality of life3. 

BioLPG is a drop-in replacement for traditional LPG. By virtue of having identical properties, this enables the 

consumer to have a dispatchable fuel which is compatible with existing supply infrastructure, and also allows 

utilisation of existing domestic space and water heating apparatus. Depending upon the renewable feedstocks 

used, net emissions of CO2 can be reduced by upto 80% without compromise on performance. Being chemically 

equivalent to traditional LPG, emissions of NOx and PM25s remain very low, ensuring a decarbonised solution 

also affords good air quality4.  

The fuel was first introduced into Europe in 2018 by SHV Energy via its national businesses in the UK, Ireland, 

Benelux, France, Germany and Scandinavia. Currently bioLPG is commercially supplied as a by-product from 

the manufacture of renewable diesel and sustainable aviation fuel from a variety of virgin and recovered fats and 

vegetable oils in the so-called HVO/HEFA process4. As it is a drop-in replacement for traditional LPG it is can 

be transported using the existing supply and distribution logistics of the company - a major cost saving which  

Its launch was the first step in SHV Energiesô ambition for the next 20 years to ensure that the source and supply 

of energy products can become increasingly renewable. This has led to the implementation of a major Research 

and Development programme exploring the potential of renewable and low carbon feedstocks such as biomass, 

agricultural, residential and industrial waste products to increase the availability of bioLPG and other renewable 

fuels to support the companyôs bold ambitions for decarbonisation.  
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These developments are under-pinned by cooperation with feedstock providers, technology suppliers, 

certification and policy bodies to ensure that bio-based gas innovation continues to prosper as well as complying 

with officially recognised ethical and land-use criteria. 

 

RESEARCH AND DEVELOPMENT  

This talk will provide a critical review of the state-of-the-art for bioLPG manufacture5 (and similarly compatible 

fuels such as renewable Dimethyl Ether) with a focus on the Technology Readiness Level of leading routes which 

can most readily address the techno-economic challenges of conversion of abundant and sustainable feedstocks. 

The talk will explore the investigation of both catalytic and non-catalytic approaches to bioLPG manufacture 

which have aim to maximise the yield of C3 and C4 hydrocarbons in chemistries which have traditionally 

predominantly provided gasoline, diesel and wax fractions. In addition to conventional biomass sources, the 

potential and the ability of other carbon-containing ñwasteò feedstocks, such as dairy manure, industrial gases 

and municipal solid waste (MSW) will be described. In addition, the potential of more long-term and speculative 

solutions, such as Carbon Capture and Utilisation and biological conversion will be explored.  
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SUMMARY 

The need to get independent from fossil fuels and to avoid using inefficient technologies gives heat pumps 

additional relevance, especially for domestic hot water preparation. However, problems arise in case of 

renovation from the scarce availability of heat sources, particularly in densely populated areas.  

A façade integrated modular mini-split heat pump for domestic hot water preparation for renovated buildings has 

been developed by means of laboratory testing and simulation work. Combined CFD and refrigerant cycle 

simulations will provide support in the choice of the evaporator geometry and in the study of the refrigerant cycle 

to avoid inhomogeneous airflow on one hand and to evaluate the overall performance of the system on the other 

hand. Modularity, compactness and reduced sound emissions will be preserved throughout the analysis. 

 

INTRODUCTION  

The building sector plays a core role in achieving the decarbonisation and energy reduction objectives on both 

national and international levels [1]. In Austria, more than one third of the final energy consumption is used to 

supply space heating, domestic hot water and, most recently, also cooling for residential and service buildings 

[2]. Heat pumps are already considered since many years a mature enough technology to substitute fossil-based 

burners but their implementation and performance strictly depends, among others, on the energy source and on 

the type of delivery system [3]. While in the construction of new buildings there is a higher degree of freedom 

in the designing and control of the heating and domestic hot water systems, in major renovations the 

enhancement of the performance of an existing centralised system is not trivial [4]. In radiators-based systems, 

if radiators are not planned to be replaced, high supply temperatures limit the efficiency of heat pumps in both 

single and multi-family buildings [5,6]. This leads often to a minimal improvement of the existing centralised 

conventional heating system and, on the level of the single apartment, to the adoption of electric or gas boilers 

for domestic hot water preparation, preferred for their ease of installation and maintenance and their reduced 

initial investment cost. Considered the need to get independent from fossil fuels and considering especially the 

building situation in Austria (one third of the building stock built between 1961 and 1980, see [7]), there is an 

obvious demand for efficient, compact and silent decentralised heat pumps which are able to supply either only 

domestic hot water or combined heating and domestic hot water in renovated buildings with only minimal 

construction work. Unfortunately, the heat pump market does not actually provide such solutions [8]. The goal 

of the FFG-funded project FitNeS is to develop a first of prototype of a decentral (apartment-wise) façade-

integrated mini-split air-to-water heat pump based on propane (R290) for domestic hot water preparation in 

minimally invasive renovations. The integration of the outdoor element of the split heat pump inside the façade 

is due to architectural reasons and accessibility for regular maintenance. In this context, it is therefore crucial to 

analyse the flow pattern in the confined space represented by the outdoor unit to achieve a possibly 

homogeneous heat exchange between air and refrigerant tubes and minimize, at the same time, sound 

emissions. For this reason, CFD simulations have been performed to compare multiple design alternatives 

based on total pressure drop and velocity profile. A 2D velocity distribution has been then extrapolated and 

given as input to a refrigerant cycle model created with the software Vapcyc [9ï11] to check the effects on the 

performance of the actual flow configuration, both on primary (air) and secondary (refrigerant) sides. A heat 
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pump simulation model was also developed within the MATLAB [12] environment to be able to approximately 

estimate the performance of the heat pump with varying source and sink temperatures and its simulation results 

cross-validated to those of VapCyc and compared to the laboratory measurements. 

CONCEPT 

Fig. 1 shows the developed hydraulic design of the mini-split heat pump for domestic hot water with a façade-

integrated outdoor element. The outdoor element, which houses four axial ventilators and the evaporator, is lined 

internally with sound-insulating material and is ideally integrated inside the insulation layer. Accessibility to the 

internal components is guaranteed by a double panel system, which can be easily removed in case of maintenance 

but at the same time is aesthetically pleasant from outside. 

 

 
Fig. 1 Conceptual scheme of a façade-integrated mini-split heat pump for the supply of domestic hot water. A domestic 

hot water storage (DHWS) is included in a compact indoor unit. Hot water is delivered to the user by means of a 

freshwater station. 

Conversely, the indoor unit includes the remaining components of the heat pump (condenser, compressor, 

expansion valve, filter and safety devices) as well as the domestic hot water storage, with a capacity between 90 

and 150 liters and the hydraulics needed for the delivery of hot water to the user. The usage of a freshwater station 

allows to avoid strict hygienic regulations regarding legionella, so that there is no need to the heat tank up to 70 

°C from time to time.  

 

METHODS 

The adopted geometry of the outdoor unit is the result of a multi-stage development and optimization process 

based on CFD simulations and preliminary laboratory measurements. Coupled CFD and refrigerant cycle 

simulations were then executed in the software VapCyc to assess the theoretical achievable performance of the 

heat pump. In the end, a refrigerant cycle model was built within the MATLAB environment and compared with 

the results of VapCyc simulations and laboratory measurements. The internally developed refrigerant cycle 

model features a modular approach and can be easily extended in the future to take into account the contribution 

of inhomogeneous airflow and to be implemented within a more detailed dynamic full system simulation. 

CFD SIMULATION 

CFD analyses were necessary in the pre-design phase to identify the optimal geometry for the outdoor element 

of the heat pump. Several designs were screened following the subsequent criteria:  

Flow homogeneity on the incident evaporator surface (in terms of standard deviation as a first approximation);  
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Air -side pressure drop minimization;  

Obtaining a possibly homogeneous flow guarantees that the evaporation pressure of the refrigerant stays more or 

less constant for each refrigerant circuit, whereas highly inhomogeneous flows can have a negative effect on the 

efficiency of the heat pump. Variants with both axial and radial fans were included in the analysis. All CFD 

simulations were performed within the software environment of Ansys 19.2 [13]. For the sole purpose of 

optimising the overall airflow and considering also the complexity of modelling air channels in plate-fin heat 

exchangers, it was decided to approximate the evaporator as a porous fluid subdomain, with assigned streamwise 

and transverse loss coefficients. Both these loss coefficients were calibrated to match the pressure drop observed 

in the laboratory at a particular volume flow. The assumptions made for each simulation are summarized in Table 

2: 

Table 2: Boundary conditions CFD simulations. 

Location BC 

Inlet Total pressure = 0 Pa 

Outlet Mass flow = 0.12 kg/s 

Walls No Slip Wall 

Evaporator 
Streamwise loss coeff. = 363 m-1 

Transverse loss coeff. = 3630 m-1 

 

Each simulation uses a standard k-Ů turbulence model. This choice is justified by the extensive adoption of this 

type of turbulence model in problems involving constrained flow around finned geometries or baffles and in its 

ability to provide more accurate results compared to other turbulence models [14]. 

In order for a simulation to be retained successful, the root mean square of the residual error should reach a value 

of 1e-6. The preliminary CFD analyses involved both axial and radial fans. A design airflow rate of 350 m3/h is 

imposed in each simulation. 

 

REFRIGERANT CYCLE SIMULATION 

In order to couple the CFD simulation results with a model of a refrigerant cycle the evaporator geometry must 

be modelled and discretized within the software CoilDesigner. This software works as an interface to VapCyc 

and allows the user to model single air-to-refrigerant heat exchangers with non-uniform air distribution. For plate-

fin heat exchangers, it is generally suggested to discretize the model such that a 100 mm length segment of heat 

transfer surface (pipe + fins) corresponds to a single calculation point. Finer meshes will not result in more 

accurate calculations and will only increase the calculation time. 

Once the evaporator model is set up, it can be given as an input in the refrigerant cycle simulation software 

VapCyc. The refrigerant cycle model in VapCyc includes the following components: 

1. Compressor model based on user-defined performance maps; 

2. Condenser model from SWEP database (plate heat exchanger BX8T with 20 plates) [15]; 

3. Isenthalpic expansion valve; 

4. Evaporator model from CoilDesigner (CFD velocity profiles); 

5. Pipes model with calculated pressure drop and heat loss (from correlations). 

Subcooling and suction superheating were preferred as convergence criteria and were each respectively set to 5 

and 6 K. In parallel, a refrigerant cycle model was developed internally in the MATLAB environment to be cross-

validated with the available commercial software and thus offer the possibility for additional extensions and to 

evaluate multiple configurations. The following subsections describe more into detail the assumptions made for 

each component of the MATLAB-based model.  
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COMPRESSOR MODEL 

A third order, ten-coefficients equation, depending on evaporation and condensation temperatures was 

implemented for the isentropic efficiency based on manufacturer data: 

–  Ὢτ(1  .QE) Ὠὲέὧ‮ȟ ὴὥὺὩ‮ 

 

The refrigerant mass flow supplied by the compressor is instead derived from a physical model, as in [16], and 

is linked to the rotational speed by the following equation: 

ά  –  
ὲ

φπ
 Ὀ ” ȟ  

(EQ.  2) 

 

With:  

–  : Volumetric efficiency 

ὲ  : Rotational speed of the compressor in [rpm] 

Ὀ : Displacement of the compressor in [m3] 

” ȟ : Refrigerant suction gas density in [kg/m3] 

 

Volumetric efficiency can be calculated either from technical literature data for compressor models with identical 

technology as a function of the compression ratio Ű (as in [17]) or according to a theoretical model, similar to the 

one described in [18] and [19], which links the volumetric efficiency to the pressure ratio and accounts for the 

deviation from the ideal gas behaviour. This last approach was preferred at last and the following equation was 

adopted: 

–  πȢωχ 
ᾀ

ᾀ
 † ρὅ  Ὡ 

(EQ.  3) 

Where: 

ᾀ : Compressibility factor of the refrigerant at suction side 

ᾀ : Compressibility factor of the refrigerant at discharge side 

† : Compression ratio 

Ὧ : Isentropic expansion factor 

ὅḊ Clearance volume of the compressor (dead volume) in [m3] 

ὩḊ Correction coefficient 

 

A correction factor Ὡ must be additionally defined for specific applications where there is a substantial deviation 

from the theoretical behaviour and for which the above expression is not adequate. In the discussed refrigerant 

cycle simulation, this means that the model should be first calibrated to find an appropriate value for Ὡ. The 

same procedure should be applied to the definition of the dead volume of the compressor, which is usually 

unknown but frequently lies between 5 and 15% [20]. For the calculation of the resulting electrical power 

consumption of the compressor, a constant total efficiency of 95%, equivalent to the product of electrical and 

mechanical efficiencies, has been adopted for sake of simplicity. 
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CONDENSER MODEL 

In this first analysis, no detailed heat transfer model was implemented in the model. Heat transfer was 

characterized through the definition of a pinch point temperature difference between the refrigerant (primary 

side) and water (secondary side) with a power law depending from the delivered heating power: 

 

ɝὝ ȟ  ɝὝ ȟ ȟ 
ὗ

ὗ ȟ

 
(EQ.  4) 

 

ɝὝ ȟ ȟ , ὗ ȟ and ὲ  result from the calibration procedure. 

EVAPORATOR MODEL 

Similar considerations to those mentioned for the condenser model apply for the evaporator model. The pinch 

point temperature difference is defined this time as well between air (primary side) and the refrigerant (secondary 

side) with a power law depending on the cooling power: 

 

ɝὝ ȟ  ɝὝ ȟ ȟ 
ὗ

ὗ ȟ

 
 

(EQ.  5) 

where ɝὝ ȟ ȟ , ὗ ȟ and ὲ  result from the calibration procedure. 

EXPANSION VALVE MODEL 

An isenthalpic valve model was adopted in this case. Thus, the following condition applies: 

Ὤ ȟ  Ὤ ȟ  
(EQ.  6) 

 

PRESSURE DROP AND HEAT LOSSES MODEL 

Pressure drop inside the refrigerant cycle can be accounted as a fixed value for the evaporator and the condenser, 

as well as being calculated in a detailed way through correlations. A separated calculation is needed for each 

phase and each component. Heat losses are instead attributed mainly to the shell of the compressor and follow 

the rule described in (eq.  7): 

ὗ  Ὗὃ  ‮  ‮  (EQ.  7) 

 

Being: 

Ὗὃ  : Compressor shell overall heat transfer coefficient in [W/K] 

‮  : Compressor shell temperature, calculated from a linear combination of the hot gas temperature and 

the suction gas temperature 

‮  : Temperature of the technical room 

CALCULATION PRINCIPLE AND CONVERGENCE CRITERIA 

The model iterates on the heating and cooling power to fully characterize the refrigerant cycle in terms of 

pressure, enthalpy and temperature and opts to minimize a given convergence function, defined in (eq.  8), (eq.  

9) and (eq.  10): 
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Ὡὶὶ  ὗ  ὗ  ὗ  ὗ  Ὡὶὶ  Ὡὶὶ    (eq.  8) 

 

Ὡὶὶ  
ά  Ὤ ȟ  Ὤ ȟ  ά  ὧȟ  ‮ ȟ  ‮ ȟ

ὗ
   

(eq.  9) 

 

Ὡὶὶ  
ά  Ὤ ȟ  Ὤ ȟ  ά  ὧȟ  ‮ ȟ  ‮ ȟ

ὗ
   

(EQ.  10) 

 

The first part of the convergence error aims to check if the overall balance of the heat pump is satisfied, whereas 

the remaining terms proof the validity of the energy balance locally for the condenser and the evaporator.  

 

LABORATORY MEASUREMENT SETUP 

The testing of a functional model of the split heat pump took place in the PASSYS test cells of the University of 

Innsbruck. The temperature of the outdoor air is controlled thanks to a movable on-rail climate chamber which 

adheres to the façade of the test cell when the heat pump is being tested. For sake of simplicity and for easier 

fault detection and maintenance, the indoor components were not installed together in a compact unit. However, 

future measurements will also include a prototype with compact indoor unit. A hot water storage with a volume 

equal to 300 liters, larger than the designed volume, was chosen to obtain longer measurement stints. 

 

RESULTS AND DISCUSSION 

The diagrams in the figures 2 to 5 compare the measurement of the split air-to-water heat pump with the results 

of the refrigerant cycle simulation from a commercial software (VapCyc) and those from an internally developed 

refrigerant cycle model in MATLAB. The results from both simulation models highlighted, especially in the 

condenser power, a performance gap with the measurements, being the measured power lower from a minimum 

of about 100 W to a maximum of 200 W than the simulated one. This gap can be justified by non-optimal 

operation from the heat pump alongside a lower measured cooling power compared to the simulated one as 

demonstrated by the graph in Fig. 4. More in general, the MATLAB-based refrigerant cycle model overestimates 

the electric power consumption of the heat pump by around 40 W on average compared to the measurement 

results, whereas the simulation in VapCyc yields a lower consumption. Both MATLAB and VapCyc models are 

in good agreement instead regarding the cooling power and the delivered refrigerant mass flow rate, as show in 

Fig. 4 and Fig. 5. A remarkable difference between measurements and simulation results can be observed 

however in the mass flow, probably due to an excess of refrigerant charge in the system. 
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Fig. 2 Measured condenser power (in blue) with the 

corresponding simulated values from VapCyc (in green) and 

from the refrigerant cycle model developed in MATLAB (in 

red). 

 

Fig. 3 Measured electric power consumption of the heat 

pump (in blue) with the corresponding simulated values 

from VapCyc (in green) and from the refrigerant cycle 

model developed in MATLAB (in red). 

 

 
 

Fig. 4 Measured evaporator power (in blue) with the 

corresponding simulated values from VapCyc (in green) 

and from the refrigerant cycle model developed in 

MATLAB (in red). 

Fig. 5 Measured refrigerant mass flow rate (in blue) with 

the corresponding simulated values from VapCyc (in 

green) and from the refrigerant cycle model developed in 

MATLAB (in red). 

 

CONCLUSION AND FURTHER WORK 

Within the research project ñFitNeSò a functional model of a mini-split air-to-water façade-integrated heat pump 

was developed and optimized by means of coupled CFD and refrigerant cycle simulations. For further evaluation 

of the performance of the heat pump with varying boundary conditions (i.e. different compressor models, speed-

controlled, etc.) a basic refrigerant cycle model was developed internally within the MATLAB environment and 

compared to the results of a commercial software for refrigerant cycle simulation and optimization called 

VapCyc. This work has shown a good agreement between the two refrigerant cycle models regarding the 

delivered heating power, the cooling power and the mass flow rate. However, a slight mismatch could be seen in 

the evaluation of the electric power consumption of the heat pump. A performance gap between simulation and 

measurement was also highlighted in both heating and cooling power. The reasons behind this gap are being 

further analysed and one possible cause could be that the flow conditions in the outdoor element are slightly 
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deviating from the flow pattern obtained from the CFD software. Internal and external air leakages, for example, 

could lead to such behaviour. In conclusion, a higher refrigerant mass flow rate was measured compared to the 

expected one from the manufacturer data. This can be however justified by an excess of charge in the system. 

Future work will focus on the reduction of the performance gap between simulations and measurements as well 

as on the further development of the internally developed refrigerant cycle model, for example through the 

implementation of heat transfer correlations and numerical procedures (e.g. finite difference method) to include 

CFD results within the refrigerant cycle simulation also in the MATLAB-based tool.  
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SUMMARY  

Todayôs European heating sector is still largely depending on fossil fuels. Although district heating (DH) already 

plays an important role for efficient energy production and consumption, its future supply is depending on clean 

and renewable heat. These renewable heat sources will be diverse, and its use is depending on the local framework 

conditions by the means of local availability. Solar thermal has the potential to compensate a high share of current 

fossil fired DH systems in the EU. Current project and feasibility studies show that solar heat can be a cost-

effective and competitive solution to current fossil-based district heating. Especially, the combined use of solar 

collectors, large thermal energy storages and thermal driven heat pumps enable to shift the produced heat in 

summer into winter season. Additionally, existing infrastructures may be optimized by peak shaving and flue gas 

condensation.  

Keywords: District heating; solar district heating; BigSolar; multifunctional storage  

 
INTRODUCTION  

In the European energy system todayôs biggest challenge is facing the heating sector. Almost half of the total 

energy demand is corresponding to the heating sector, whereby mobility and electricity is corresponding to the 

other half (REN21, 2019).  

A large share of this heat demand is still covered by fossil fuels with high CO2 pollution. Especially in the EU 

however, a large proportion is provided by combined heat and power (CHP). This usage of waste heat from 

electricity production is made possible by district heating. But in a sustainable future energy system, which is 

largely supplied by renewables, large combustion power plants will not be used anymore. District heating 

however will not become obsolete. Especially in dense urban areas heating (and cooling) networks will play a 

pivotal role in a future with a very diversified heat supply system. District heating enables the interplay of large 

and small suppliers of different technologies. It enables to integrate large, efficient and inexpensive storage 

systems and benefits from the simultaneity factor of the large number of consumers and producers.  

In a renewable energy system, without large CHP, electricity and heat need to be produced alternatively. 

Electricity demand increases already intensively by electromobility and rising cooling demand. The heating 

sector accounts for half of the total energy demand. Electrification of the heating only seems desirable from 

today's perspective if nuclear energy is defined as a sustainable solution. This paper presents an alternative.  

 
AIM OF THIS WORK 

In this paper the potential of solar heating supply for district heating is aimed to be shown from a bottom-up 

approach considering real situations with real data. Based on implemented example projects and several 

feasibility studies for small to large cities across a large part of Europe, it will be shown how renewable heat 

supply can gain large shares. In the transition to a sustainable district heating system, large and multifunctional 

thermal energy storages will play an important role. 

 

MICRO- AND MACROECONOMIC BACKGROUND  

Solar heat has already started to supply district heating but mostly was limited to supply summer loads. Low solar 

radiation in winter has been restricting the solar potential. BigSolar is the solution to overcome this restriction. 

The solution is achieved by a combination of scaling up solar thermal collectors, large thermal energy storages 

mailto:c.holter@solid.at
mailto:c.holter@solid.at
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(shifting solar heat from summer to winter) and 

thermally driven heat pumps. All relevant 

system parts underwent 45 a significant 

development within the last years, today offering 

a competitive heat price and enormous potential. 

The need of district heating companies is reliable 

heat supply at socially acceptable and 

competitive prices. Capital costs of conventional 

heat technologies based on combustion (fossil 

and biomass) are rather low but have high 

operational costs due to the ongoing purchase of 

fuel. Compared to these, the characteristics of 

BigSolar are high initial capital expenditures (CAPEX) and low operational expenditures (OPEX). The advantage 

of solar technology is that the financing of the investment can be planned very well over many years. In addition, 

there is the great macroeconomic advantage that fossil energy imports will be reduced significantly. As a result, 

the solar solution contributes to security of supply and regional value creation (Figure 1). 

 

DATA AND RESULTS  

Various district heating systems have been examined and a wide range of different boundary conditions was 

covered. Systems from northern to central to southern Europe were studied and thus a wide variety climatic 

conditions. Differently sized cities (population 2,000 ï 300,000) with different proportions of district heating 

(5% - 80% of heating demand) and a wide range of annual heating demands (2 ï 1000 GWh/a) and various 

temperature profiles were covered. Solar systems with an area of 25,000 to 170,000 m² were projected, with a 

solar share of between 15 and 60% of the energy supply and a CO2 reduction of 6,000 to 40,000 t/a. Between 0.5 

and 6 m² of solar area per district heating connection were planned, which provide 300 - 700 kWh/m²/a solar 

yield. With a thermal energy storage requirement of 2 to 6 cubic metres per square metre of solar area, the systems 

were designed quite differently. In many central European and southern cities, the networks are shut down over 

the summer. Load differences are seasonally much more pronounced than in northern European cities. 

Consequently, the required storage capacity and therefore also costs are much higher. This disadvantage may be 

compensated by a much higher irradiation and thus better specific solar yield.  

Different operating strategies were used to optimize each system. Whereby the multifunctional use of the large 

thermal energy storage enables peak shaving, flue gas condensation and the reduction of thermal plant capacity. 

In this way for most of the systems examined, economically and technically feasible solutions were found.  
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SUMMARY 

Based on an hourly heat load profile database of more than 500 companies, a detailed analysis is conducted about 

the limitations by available roof area for the design of solar heating plants in industry according to the VDI 3988. 

The roof area is estimated by GIS data from the spatial database OpenStreetMap. The results show that next to 

the seasonality of the heat load profile also the available roof areas often reduce the potential of solar heating 

plants. In consequence, hybrid solutions of solar collectors together with heat pumps and efficient CHPs as well 

as innovative district heating solutions for industrial customers must play a major role in answering the question 

of how summer heat demand can be met most efficiently. 

The detailed study is published as preprint and is available under http://dx.doi.org/doi:10.17170/kobra-

202202045718 

 

INTRODUCTION  

The decarbonization of industrial heat is a big challenge. Solar heat for industrial processes (SHIP) heat can play 

a decisive role in decarbonising the low temperature heat demand in industry by covering a large part of summer 

heat load. However, for the design of hybrid renewable heating systems combining solar heating plants and e.g., 

heat pumps or CHPs, the question arises as to what share solar thermal energy can realistically contribute. Several 

national potential studies highlight the limitations by the availability of roof areas and just assume constant solar 

fractions for SHIP applications of around 30 % with respect to the final energy demand (e.g., Lauterbach et al. 

2012; Müller et al. 2004). This blanket assumption neglects the great diversity of boundary conditions in 

individual companies. The company-specific potential for solar process heat depends on the one hand on the 

technical boundary conditions of the process (load profile, temperature level), and on the other hand on the 

company individual boundary conditions with the availability of suitable areas. Typically, this information is not 

available for a big number of companies. Within the framework of the BMWi-funded research project AnanaS 

and the IEA SHC Task 64/IV, a gas load profile database (hourly resolution) with more than 500 German 

companies is established. In this context, it is investigated which collector area can be installed and which solar 

fractions can be achieved by an automated solar heating plant design based on the VDI guideline 3988 (VDI 

guideline 3988) taking the actual heat load profile into account. Furthermore, this potential is compared to the 

available roof area from GIS data. Finally, the limitations for solar fractions are evaluated both on the seasonality 

of the load profile and the available roof area for the given database.  

 

METHODOLOGY 

In contrast to the common assumption, heat load profiles in industry cannot be assumed to be constant. As shown 

in the authorsô previous work (Pag et al. 2018; Jesper et al. 2021), industrial heat load profiles from the secondary 

and tertiary sector are often dependent on the ambient temperature. This is due to processes such as ventilation 

systems, heated baths (into which cold parts are immersed) and space heating. The heat load profiles are 

categorized into four clusters by their level of ambient temperature dependency (Fig. 6). While some companies 

have a very constant heat demand throughout the year showing no ambient temperature dependency (Cluster 0), 

others show a strong dependency as shown by Cluster 2 and 3, where the winter load at -5 °C mean ambient 

mailto:solar@uni-kassel.de
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temperature is higher by the factor of 4 or even 10 compared to the summer heat load at 20 °C. 

 

Fig. 6: Linear cluster regression functions for working days (a) ╠Ⱦ╠◌▀ Ј╒ is the daily heat demand normalized to the mean heat demand on 

working days with a mean ambient temperature of 8 °C (Jesper et al. 2021) 

The solar heating plant is designed according to the VDI guideline 3988. Here, the collector field is sized with 

respect to the summer heat demand to avoid any solar surplus heat that cannot be used. The VDI 3988 offers 

design values for the collector field depending on the temperature level and the collector technology. A vacuum 

tube collector is chosen for this work. The design values of a vacuum tube collector range between 3.7 

kWh/(m²Ād) at 35 °C mean collector temperature and 2.6 kWh/(m²Ād) at 95 °C. The relation of heat demand and 

design value gives the pre-designed collector area. For this study, a temperature level of 80°C flow and 60°C 

return is assumed, which is a typical case for industry. In addition to the design values, the solar yield is also 

assessed using the VDI 3988 and assuming an ideal orientation to south as well as a collector slope of 35 °. 

In the context of this work, the available roof area is assumed to be equal to the buildingôs footprint area taken 

from the free spatial database OpenStreetMap (OpenStreetMap contributors 2017). The roof is assumed to be 

flat, non-shaded and statically suited. The available roof area is compared to the resulting collector area (required 

collector area). A roof area exploitation factor describes the utilisation of the roof area by solar collectors as the 

ratio of the collector and the roof area. Thereby, row spacing to avoid self-shading and limitations by other 

utilities (ventilation system, PV) is taken into account. 

 

RESULTS 

The comparison of the available roof area and the required collector area according to VDI 3988 shows that a 

significant share of companies has enough roof area to fully cover the summer heat demand with solar heat. The 

share of companies is increased the better the roof area is used. Assuming an ideal and not realistic exploitation 

factor of 1, i.e., one square metre of collector is installed per square metre of roof area, only 20 % of the companies 

surveyed do not have sufficient roof area. Considering a realistic roof area exploitation factor of 0.33, more than 

50 % of the companies still have sufficient roof area for solar collectors to cover the summer heat demand (Fig. 

7). However, another 50 % of the companies do not have sufficient roof area and still need other renewable 

technologies to cover the summer heat demand or other suitable area nearby to install more solar collectors. The 

analysis cannot consider the statical suitability, the detailed orientation, or the slope of the roofs which might 

reduce the suitable roof area even more. 
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Fig. 7: Number and cumulative share of companies as a function of the available roof area and the pre-design collector area  

according to VDI 3988 

The limitations by the roof area as well as the seasonality of the load profile reduce the potential solar fractions 

significantly. Fig. 8 shows the solar fractions as the relation of the solar yield and the useful heat demand for two 

cases: (a) without considering limitations by the availability of roof area and (b) assuming an exploitation factor 

of 0.33. Obviously, a higher solar fraction can be realized if the load profile is more constant throughout the year. 

In cluster 0, the solar fractions reach more than 40 % in best cases, whereas in cluster 3 only low one-digit solar 

fractions can be realized as the summer load is low and the collector area is small consequently. If the roof area 

and the resulting limitations are also considered, the potential solar fractions are even more reduced. This is 

highlighted by the companies below the dashed line (representing an exploitation factor of 3) which do not have 

sufficient roof area. Consequently, the potential collector area, the absolute solar yield and the potential solar 

fraction is decreased, in some cases significantly. 

 

Fig. 8: Representation of the possible solar fraction as a function of the area ratio (y-axis) and the seasonality of the load profile (cluster 0: 

constant profile, cluster 3: very high seasonality) for different exploitation factors. 
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CONCLUSIONS 

The results of the study show that a solar fraction of 30 %, as assumed in potential studies in the past, is very 

ambitious in many companies as the heat demand in industry is also often highly dependent on the ambient 

temperature. In addition, it becomes clear that the available roof area is a strongly limiting factor for the technical 

potential for solar process heat. This underlines the necessity of open spaces for collectors, of hybrid low-CO2 

heat supply systems of solar thermal energy and heat pumps or CHP units for high regenerative fraction or 

innovative connections of district heating networks to industrial customers. 
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SUMMARY 

Thermally driven heat pumps are a supplement to the common electrical heat pumps. Using low temperature heat 

sources, thermally driven lithium-bromide/water absorption heat pumps are an auspicious technology for efficient 

heating and cooling. Within this paper the development and results of an innovative absorption heat pump system, 

directly fired and driven by ligneous biomass are presented. This so called bioSHC-system is characterised in 

particular by its temperature-flexibility and two-stage configuration and enables cooling, heating or ï ideally ï 

both simultaneously at variable temperatures. The innovative key-component is the high-temperature desorber, 

where the heat of combustion is applied. The bioSHC-system rises attention with doubled fuel utilization rate, 

halved emissions and a very low demand of electrical energy using ligneous biomass as driving power. The 

conducted system concept, simulations, and layout for the heating capacity class of 100 kW are discussed. 

Laboratory measurements show promising operational performance of the real-scale system. 

Keywords: two-stage LiBr-absorption heat pump, fossil free cooling, ligneous biomass-fired desorber 

 

INTRODUCTION  

Cold, heat and hot water in housing and industrial estates or municipal administration-buildings must be primarily 

supplied by sustainable energy sources to lower the effect of climate change as soon as possible. It is eminent 

that replacing fossil fuels by cost-efficient renewable alternatives comes hand in hand with the security of energy 

supplies. Moreover, recent impacts on worldwide supply chains show the importance of regional available and 

storable energy.  

When intending low or zero greenhouse gas emissions, heat and cold for buildings, causing about one third of 

the total energy demand, today is provided mainly by geothermal or solar power, biomass or ambient heat 

upgraded via heat pumps. The mix of energy sources therein remains unbalanced and seems to take a 

perseverative transition to an even and reliable level. According to Pelkmans (2018), ligneous biomass covered 

the heat demand in Germany by 10.7% in the year 2016. It remains by far the dominating renewable energy 

source for heating. There still  is a perspective for further growth, yet the potential of biomass is limited and in 

some fields for applications and countries almost fully tapped. 

It is also important to note that the demand for cooling and refrigeration is expected to increase in addition to the 

demand for heating. Refrigeration now accounts for around 12.5 % of total electricity consumption in Germany, 

as the figures of the AG Energiebilanzen e.V. (2020) show for the year 2020. 

The increasing demand for climate-friendly cooling and heating - especially from biomass - requires a more 

efficient utilisation. Therefore, ZAE Bayern has developed a new type of biomass-fired heating and cooling 

system ("biomass sorption heating and cooling" = bioSHC system) in cooperation with the biomass boiler 

manufacturer HDG Bavaria GmbH. 

This bioSHC system has been engineered as an economically interesting heating and cooling unit with a nominal 

thermal output of about 100 kW heat and 55 kW cold and was built and tested as a functional model. The 

integrated thermal heat pump process doubles the efficiency compared to conventional boilers, so that up to 50% 

of emissions can be reduced. Compared to conventional biomass-powered cooling systems, an efficiency increase 

of more than 35 percentage points can be achieved. It also extensively eases the strain on the electric power grid 
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compared to conventional electric heat pumps and cooling systems. Due to the insignificant demand of electrical 

power, the system is almost independent from the fluctuating energy-supply of renewables such as wind or 

photovoltaics.  

The aim was to develop a setup, which can be easily made in common manufacturing processes. This enables 

prospective numerous applications in homes and commercial buildings, particularly regarding to the worldwide 

rising need of chiller applications. 

 

TECHNOLOGY 

Heat pumps (or chillers) upgrade low-temperature heat to a useful level. Therefore driving energy is needed. 

Electromechanically driven heat pumps are operated with a compressor to pressurise the refrigerant. The system 

is driven by electric energy. In thermally driven heat pumps, heat at a high temperature level is provided to drive 

the cycle. In both cases, liquid refrigerant is continuously evaporated and heat is extracted from the low 

temperature heat source. In order to be able to release this heat again at a higher, useful temperature level, the 

evaporated refrigerant must be "pumped" to a higher pressure level with the help of the driving energy.  

The operation principle of multi-stage absorption-systems with aqueous lithium bromide solution and the 

refrigerant water as the working fluid pair (H2O/LiBr) is the same as in single-stage absorption heat pumps, here 

called óbasic stageô: the refrigerant circulates in a closed and completely evacuated circuit. This process is shown 

schematically in the p-T diagram in figure 1: 

 

Fig. 1: Two-stage absorption-system process in the schematic p-T diagram 

The refrigerant water evaporates at the evaporator E1 and thus extracts the heat Q→E1 from the object to be cooled 

(at the low temperature level T1). The vapour is led to the absorber A1 and is absorbed by the aqueous lithium 

bromide solution. This liquid solution is brought to a higher pressure level by pumping it into the desorbers D1 

and D2. The high content of lithium bromide in the solution increases the boiling temperature compared to the 

refrigerant water. 

At this point in the absorption-system process, the bio-SHC system differs from conventional, single-stage 

configurations: the so-called óhigh-temperature stageô directly drives the process. Here, this innovative core piece 

was designed on the basis of the combustion chamber geometry of an existing woodchip boiler from HDG 

Bavaria GmbH.  

In this high-temperature desorber (HTD or Desorber D2), the refrigerant is released from the solution again 

(desorption) by supplying the drive heat Q→D2 from the biomass combustion. Refrigerant is generated directly via 
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heat exchanger walls with the help of the flue gas heat - the solution is regenerated directly by combustion. The 

refrigerant vapour then condenses under the given pressure at a correspondingly higher temperature level at the 

condenser C2 and is again available to the evaporator E1 in liquid state.  

The released condensation heat Q→C2 is used to drive the desorber D1 (Q→C2 = Q→D1), which also desorbs water from 

the lithium bromide solution. The combustion heat supplied to the desorber D2 is thus used twice, increasing the 

efficiency. The heats Q→C1 and Q→A1 at C1 and A1 represent the waste heat, consisting of the heat supplied at D2 and 

E1, and can be used for heating purposes.  

Due to the coupling of C2 and D1 via the heat transfer medium water, the condenser circuit is limited to about 

100 °C on the one hand. On the other hand, it is possible to feed in external drive heat sources, e.g. solar thermal 

energy or process waste heat, and thus save further fuel in the provision of cooling and heating. 

 

ADVANTAGES OF MULTISTAGE ABSORPTION-SYSTEMS 

Multi -stage absorption-systems have been the subject of much discussion and research in recent decades. At the 

same time, the feasibility is limited by the inevitably increasing temperatures of the driving energy source and 

the working fluid pairs. The working fluid pair used here has a usual upper range of application temperatures 

between 150 °C and 170 °C due to increasing corrosiveness. The systems are limited by the economically 

justifiable availability of materials and components. In addition, the complexity and expense of heat exchangers 

and fittings increases with the number of stages. The two-stage concept offers a good compromise between 

performance, cost and complexity.  

The heat ratio ɕ is known as the quotient of useable cold provided at the evaporator (Q→E) and the driving energy 

supplied to the desorber (Q→D).  

‒
ὗ

ὗ
 (eq.1) 

A comparison of the design types clearly shows the increase in efficiency: Modern single-stage absorption 

chillers enable a ɕCold,SE Ó 0.8, while the two-stage double-effect design enables values up to ɕCold,DE Ó 1.4. 

The heat ratio ɕ expressed for heating purposes is defined as the as the quotient of useable heat provided at the 

absorber and condenser (Q→C1 and Q→A1) and the driving energy supplied to the desorber (Q→D)  

‒
ὗ ὗ

ὗ
 (eq.2) 

Commercial two-stage systems are usually sold with nominal capacities of one megawatt and higher. In addition 

to direct gas- and oil-fired systems, the use of steam-operated or pressurised hot water systems is also 

economically justifiable in this higher capacity class. In general, single-stage hot-water driven absorption chillers 

are used for smaller capacities. Such chillers often use the waste heat from industrial processes or district heating 

and provide cooling as a "by-product". 

In order to replace fossil fuels in smaller systems, it is worth looking at solar heat or the fuel wood, which can be 

easily stored and is often available locally. This kind of biomass is interesting as the most frequently used and 

standardised fuel - especially since its thermal utilisation has been technically mature for a long time.  

The bioSHC system theoretically achieves a biomass utilisation efficiency BUEcold å 1.1, i.e. the quotient of 

useable cold Q→E and the product of fuel mass flow B with the lower heating value Hi.  

ὄὟὉ
ẗ
  and ὄὟὉ

ẗ
 (eq.3a and 3b) 

The BUEheat is defined similar but refers to usable heat provided at the absorber and condenser (Q→C1 and Q→A1). 

Conventional systems consisting of a hot water boiler and a single-stage absorption chiller achieve an efficiency 

of BUECold å 0.65. With the significant reduction of fuel demand for the same cooling capacity, the use of the 

two-stage system reduces emissions (dust, CO2, etc.) to the same extent. 
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SYSTEM DESIGN 

The bioSHC system has primarily been developed as a heat pump system. Therefore, all components have been 

designed based on the analysis of suitable ambient heat sources for absorption heat pumps. The aim has been to 

use the lowest possible temperature of the refrigerant. In order to avoid internal freezing, the evaporation 

temperature of the refrigerant water (H2O or R718) has to be limited to about 1 °C. This restricts the variety of 

generally available low-temperature heat sources for H2O/LiBr heat pumps in particular. Nevertheless, the 

potential of heat sources that provide temperatures of more than 8 °C - such as groundwater, wastewater or 

borehole heat exchangers - is remarkable. It should also be noted that in rural areas where biomass fuel is more 

common and thus more available than in cities these types of ambient heat sources are also more likely. In 

addition, current research projects are investigating reliable and sufficiently efficient evaporator systems for 

modified refrigerants based on water. Assuming successful research, heat sources that provide energy at 

temperatures below the freezing point of water could then be integrated. 

Based on these design boundary conditions, the bioSHC system is capable of providing chilled water 

temperatures at around 4 °C at a heat-rejection temperature of about 41 °C. 

For conventional room air-conditioning, these boundary conditions are over-fulfilling, as the higher waste-heat 

temperatures are the only way to enable dry heat-rejection of the chiller and thus low-maintenance and water-

saving cooling operation. 

The developed system consists of three main subsystems - a desorber fired directly with biomass, i.e. the second 

drive stage including condenser, a single-stage (single-effect) absorption chiller or heat pump and a prefabricated 

hydraulic system. The latter enables easy implementation and interaction in buildings and their control systems 

and prevents design and construction errors. The components are specially engineered to match one another, with 

the high temperature desorber (HTD) being the core piece. 

 

 

¶ BIOMASS-FIRED DESORBER HTD 

¶ ABSORPTION HEAT PUMP (AHP) 

¶ STORAGE, SUPPLY AND SCALE 

FOR BIOMASS-FUEL 

¶ CONTROL AND HYDRAULIC 

SYSTEM 

FIG. 2: PICTURE OF THE SYSTEM-SETUP INTEGRATED IN A HIL-LABORATORY ENVIRONMENT 

The design of the high-temperature stage is similar to the usual standard wood chip or pellet boilers with flue 

pipes. Solely, the installations for supporting natural convection and for guiding the refrigerant steam as well as 

the high-temperature condenser C2 have been adapted. Therefore, the HTD could be manufactured using the 

conventional methods and less expensive materials of the boiler manufacturer. Thanks to the similar design, it 

can be produced at comparable costs to commercially available hot water boilers with the same firing capacity. 

The single-stage absorption chiller, designed as a tube bundle-based unit, has been made to match the HTD. As 

shown in figure 2, the entire installation of the components was set up in a laboratory. With the help of a hardware-

in-the-loop (HIL) test rig, realistic measurements have been carried out on the bioSHC system. 

The extensive measurement technology was chosen with the aim of keeping the relative measurement uncertainty 

in the efficiency key figures below 10 %. For example, a high-precision scale was used to determine the fuel 
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mass flow. The mass decrease in a mechanically decoupled container was recorded with an accuracy of 1 g. 

 

KEY FIGURES AND MEASUREMENT DATA 

The bioSHC-system can be operated in different modes. The most important ones are ñhigh efficient heatingò, 

ñbiomass-driven coolingò (both called double effect mode) and ñhigh temperature-liftò (double lift mode) whereas 

heating and cooling can and should be used simultaneously for best performance.  

TABLE 1: KEY FIGURES AND TEST RESULTS OF THE BIOSHC-SYSTEM 

Key figure Abbreviation and/or 

Equation 

Unit Highest efficiency & 

cold by biomass combustion 

Highest  

temperature-lift  

Simulation Measurement Simulation Measurement 

chilled water TCold (supply | return) °C 4   |  8 5.6   |  9.0  4   |  8 5.7  |  8.0 

heating water THeat (supply | return) °C  41  |  31 39.9  |  31.3     90  |  70(a) 90.2  |  80.0 

temp. lift Tlift = THeat supply ς TCold supply K 37 34.4 86 84.5 

nom. capacity vɧHeat | vɧCold kW 111  |   62 95.7  |  52.3       66  |  16 57.9  |  13.2 

(yb) Heat|Cold vɧHeat ẗ vɧD2
-1 | vɧCold ẗ vɧD2

-1 -  2.22  |  1.23 2.21  |  1.21 1.31  |  0.3 1.30  |  0.30 

BUE(c)Heat|Cold 
vɧHeat ẗ ( Ἠfuel ẗ LHV) -1  

vɧCold ẗ ( Ἠfuel ẗ LHV) -1 

- 

- 

1.99 

1.10 

1.70 

0.93 

1.18 

0.27 

1.03 

0.23 

(a) max. 85 °C feasible             (b) Heat Ratio               (c) Biomass Utilisation Efficiency; Reference lower heating value (LHV) 

Operational measurements show very good agreement with the simulated process parameters. Table 1 enables 

the comparison of the key figures and test results. Solely the heat and cold output as well as fuel efficiency is 

lower than expected due to the high ambient heat losses of the HTD measurement-setup. The low electrical 

energy demand of about 1 % of the usable heat Q→Heat has to be emphasized. Emissions (dust, CO) could be kept 

low to about 54 % of the emissions of conventional systems related to the same heat output.  

The performance of the system for heat-led operation is illustrated in figure 3 on the left. Very good values are 

achieved for both fuel efficiency and heat ratio. For the heat supply, a fuel-related efficiency of BUEHeat = 1.7 

could be demonstrated. The heat ratio related to the useable heat achieved a very good value of ɕHeat = 2.21. 

 

Fig. 3: Measurement results from heat-led operation in double effect mode 
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The graphs in figure 3 on the right give an impression of the process stability of the system. During the usual 

measuring cycle of 8 hours, important parameters of the combustion unit were changed, thus provoking poor 

combustion. Despite this massive intervention in the process, the evaporator performance remains quite constant 

(green graph). The provision of cooling and heating may therefore be guaranteed even with fluctuating fuel and 

combustion quality. 

The system has a potential for optimization in terms of efficiency: By omitting all installations, sensors and 

actuators, which are not relevant for real-life operation but mandatory for scientific purposes, thermal losses 

could be reduced significantly. In combination with an improved combustion control the simulation-results given 

in table 1 are achievable. 

 

RECOMMENDED APPLICATIONS 

The bioSHC system makes sense especially in rural regions where grid expansion as access to supra-regional 

energy sources is not economically or ecologically viable, even in the next 30 years. Municipal buildings and 

larger complexes or residential areas such as schools or offices, but also factory buildings could be supplied in 

this way in a climate-friendly and decentralised manner. 

It is recommended to choose the system especially for applications where heating and cooling are required at the 

same time. Dairy processing plants, garden centres with greenhouses, hotels or wellness spas are examples in this 

context. Low-temperature district heating networks may prospectively also be relevant: In this case, households 

are not coupled to the district heating system by heat exchanger but by electrical heatpumps, working highly 

efficient and power-saving due to the ñwarmò low-temperature source which has been provides by the bioSC 

system. 

A side effect is regional economic value creation, as structurally weak areas in particular often have access to 

biomass whose centralised use, e.g. for electricity generation in urban biomass power plants, would be 

unprofitable. 

Forests and wood products are permanent CO2 sinks if they are managed in a sustainable and soil-friendly 

manner. Wherever possible, wood use must be in line with the utilisation cascade. High-quality logs should be 

used for material purposes, such as building and furniture construction. For combustion, old and waste wood as 

well as residues from the wood-processing industry are to be preferred. It is therefore still important to save fuel 

wherever possible. 

Biomass energy can serve as a problem solver that is always ideal to use where other climate protection 

technologies reach their limits. Biomass should therefore replace fossil resources wherever few climate-friendly 

alternatives exist or a long-term oversupply of wood is to be expected. 

Accordingly, the technology approach here is not to be understood as a competing model to conventional heating 

and cooling systems, but as a complement to them. It offers itself as an attractive and environmentally friendly 

alternative where full-scale room cooling or heating with renewable electricity is not possible. 

 

CONCLUSION AND OUTLOOK 

The presented directly biomass-fired absorption heat pump system nearly doubles the heat-output compared to 

conventional biomass boilers, fired with ligneous biomass. This was proven by laboratory measurements. 

Essential precondition is a sufficiently available low temperature heat source (e.g. geothermal probes), providing 

low temperature heat for the implemented sorption heat pump process. The modular design of the three main 

components allows for switching between operation modes such as single effect, double effect or double lift. 

Thus, a high biomass utilisation efficiency and/or high temperature lift for solely or simultaneous heating and 

cooling is obtained. 

In addition, the system can convert biomass energy directly and highly efficient into useable cold for cooling 

purposes. Cold can be provided 1.7-times more efficient than by conventional absorption-system arrangements. 
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Furthermore, the overall very low electricity consumption relieves the stress to electrical grids. The chosen design 

temperatures fit the requirements of new building-standards but are also suitable for older buildings. This enables 

prospective numerous applications in real buildings or industrial processes. 

The combination of biomass-combustion and heat pump technology offers further applications such as extracting 

heat from flue gas by utilisation of condensing. Referring to Hermann et al. (2019), cooling the flue gas of a wood 

chips fired desorber down to 25°C, the gained sensible and latent heat may reduce the required ambient low 

temperature heat source by 18% in double effect setup and 70 % in double lift setup respectively. 

From the researchers' point of view, a further, simplified functional model must now be developed. It should be 

installed as a field-test system at the facilities of interested customers in order to prove its suitability for practical 

use in dialogue with these users. This has to take place within the framework of a scientifically accompanied 

follow-up project. In this way, all important issues, such as the stability in continuous operation or the real annual 

performance factor, can be adequately answered. The research work must therefore be continued for at least 

another three years. The date of the market launch of the system will also depend on the results of the field tests. 

The investment costs of such a system should ultimately be at the same level as those of biomass-powered 

absorption heating and cooling systems already available today - but with enormously improved fuel utilisation. 
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SUMMARY 

A white-box digital twin following or ñtrackingò a building in real time can be a powerful instrument for 

optimizing building operation. With such technology, it is not only possible to find malfunctions in the systems 

of the building, but it also allows to use hundreds of virtual sensors for quantities that cannot easily be measured. 

The IDA Building Tracker is such an approach for the building performance simulation software IDA ICE. First 

insights of the ongoing development are presented in this paper. 

 

INTRODUCTION  

The so called ñperformance gapò or ñenergy performance gapò is influenced by several intercorrelated factors 

(de Wilde, 2014). The reasons for unmet performance requirements vary from one building to another; in most 

cases there is a combination of several issues, Cozza et. Al (2021) gives a good overview about the causes, 

impacts, and solutions. A novel approach is coupling the physical building with its virtual model (digital twin) 

and to run the model in real time while forcing it to adhere closely to physical measurements. In this article, we 

will discuss virtual twins for buildings that are based on detailed physical simulation models. Today, detailed 

white-box simulation models are often developed at the design stage, but they are seldom used for buildings in 

operation. We will present a range of benefits that could result from the permanent connection of such a model 

to the abundance of signals that are collected and stored, but rarely used for comprehensive diagnostics and 

statistics (Zhao et al., 2021). 

 

ABOUT DIGITAL TWINS 

The term ñDigital Twinò (DT) can be found in literature since around 2011 (Perno et al., 2022, Semeraro et al., 

2021), although the concept initially was presented at the university of Michigan in Product Life cycle 

Management (PLM) courses in the early 2000s (Grieves & Vickers, 2017). The first definitions were published 

by the U.S. Air Force Research Laboratory (Tuegel et al., 2011) and by NASA in the ñModeling, Simulation, 

Information Technology & Processing Roadmapò (Shofta et al., 2012, TA11-7). NASA defines it as ñan 

integrated multi-physics, multi-scale, probabilistic simulation of a vehicle or system that uses the best available 

physical models, sensor updates, fleet history, etc., to mirror the life of its flying twin. The digital twin is ultra-

realistic and may consider one or more important and interdependent vehicle systems [é]ò. NASA also mentions 

the capability of mitigating damage or degradation ñby recommending changes in mission profileò. A digital twin 

should both ñincrease life spanò and ñthe probability of mission successò. In the context of buildings, ñmission 

successò can be seen as high-quality indoor conditions at lowest possible cost, ñrecommended changes in mission 

profileò may be seen as suggestions for optimal control setpoints or user information. 

According to Wright & Davidson (2020), there are three important parts in the digital twin of an object: 

1. a model of the object 

mailto:info@equa.ch
mailto:info@equa.se
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2. an evolving dataset relating to the object 

3. a means of dynamically updating or adjusting the model in accordance with the data 
During the last decade, the importance of ñIndustry 4.0ò principles like IoT and digital twins increased 

significantly in several sectors, one of which is the construction industry (Cañas et al., 2021). While some articles 

report about limited digital twins for single system components (Lydon et al., 2019 & Tariq et al., 2022), 

published results about whole-building digital twins offering the capabilities of the initial definition seem rare. A 

DT of a whole building should digitally reflect all kinds of static as well as dynamic aspects of the physical reality 

and allow observing the building in real time. The idea is to reduce the number of measurements to a minimum 

and make more information available using the digital twin. This includes experiments and what-if studies that 

would be difficult or even harmful on the real building. To avoid possible confusion about the concept, some 

terminology is clarified in Table 1 (de Souza (2018), Shofta et al. (2012)). 

 

TABLE 1: DIGITAL TWIN LEVELS 

Level 0: 3D model + IoT signals 

Online access to and visualization of sensor data in the context 

of a 3D geometrical model. No behavioural model of the 

building, i.e., this cannot really be called a Digital Twin. Very 

limited FDD. 
 

Level 1: 3D model + AI engine 

Online access to and visualization of sensor data in the context 

of a 3D geometrical model. An AI engine (black box) can be 

trained to provide system control. 

 

Level 2: 3D white box simulation 

Online 3D white box simulation model using measured data 

input in open loop. Some of the sensed signals (e.g. weather 

data, BMS control signals, and electricity use) drive the 

simulation. Some FDD can be achieved by comparison of 

measured vs. simulated signals. 
 

Level 3: Building Tracker 

White box simulation using measurement feedback in closed 

loop. A "state estimator" compares measured and simulated 

data. Mathematical filters create "adjustment signals" that are 

fed back to the simulation model to keep the digital twin in the 

same state as the real building. Automatic parameter calibration 

is done at regular intervals, keeping the model in sync with long-

term changes in the building. All model variables can be used as 

virtual signals, e.g., for control purposes. Calibrated parameters 

provide high level information for FDD. Off-line what-if analysis 

based on calibrated model provides additional value. 
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Level 4: Building tracker with model predictive control 

This level uses both the real time Building Tracker and 

predictive inputs for both weather and occupancy. The digital 

twin is taken off the real time operation to find optimal system 

control signals with help of what-if-studies. 

 

 

METHODOLOGY 

The behavioural aspects of the real building may either be captured by so called ñblack-box modelsò or ñwhite-

box modelsò (Hamdaoui et al. (2021), Glanville (2009), Tannam (2019)). Both white- and black-box models can 

be used to improve the control of a building, provided that the training set for the black-box-model contains a 

sufficient variation of control stimulus. In general, a model for a digital twin needs to fulfil three main 

requirements (Wright & Davidson, 2020): 

1. sufficiently physics-based that updating parameters in the model based on measurements is meaningful 

2. sufficiently accurate that the updated parameter values will be useful for the application of interest 

3. sufficiently quick to run so that those decisions can be made within the required timescale 

 

Black-box models are usually data driven models that should be able to respond correctly, in terms of replication 

of physical sensor signals, when subjected to the same stimulus (input) as the real building. However, since the 

model itself is unaware of the underlying physics, a great deal of training data must be available (Killian et al., 

2015). A consequence of the modelôs unawareness of physics is also that it cannot be expected to replicate any 

behaviour that lies outside of the realm of the observed signals and measurements. An advantage, on the other 

hand, is that the training of a black-box model does not require any knowledge about the building itself; the 

training can be fully automated. According to Wright & Davidson (2020), a purely data driven approach is often 

not advisable for several reasons. The most important is that this is only reliable within the region of input 

parameter space from which the data used to construct the model was taken. Using data driven models for 

extrapolation without imposing any constraints based on physical knowledge is a dangerous approach. 

 

The focus here is on white-box models, more specifically on models that have a level of detail that is often 

developed at the design stage and that can easily be adapted to tracking a building in real time. With White-box 

models one can clearly explain how they behave and why, how they produce predictions and what the influencing 

variables are (Tannam, 2019). Several environments used to simulate buildings offer white-box models based on 

physics, among the most popular are TRNSYS, Energy+, ApacheSim (IES), TAS and IDA ICE. However, most 

of them formulate models using imperative (assignment based) programming languages. These languages assign 

values to variables, declare the sequence of execution and change the state of the program, as is done for example 

in C/C++, FORTRAN or MATLAB (Wetter et al., 2016). In the source code of these programs, model equations 

are mixed with the solution methods, making it hard to find and understand the model equations. This tight 

connection makes the code less flexible and more difficult to enhance. Better possibilities are offered by 

simulation models that are expressed as symbolic Differential Algebraic Equations (DAEs) and that are solved 

with general purpose solvers. Examples for such simulation environments are DYMOLA or IDA SE (Wetter et 

al. (2016) & Sahlin et al. (2004)). Benchmark studies show promising results for IDA SE in terms of accuracy 

and speed to be used as an environment for a digital twin (Nageler et al. (2018), Sahlin & Lebedev (2016) & 

Schweiger et al. (2018)). 
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A simulation environment using white-box models can be made to follow the building in two different ways: 

parameter estimation and state estimation. Parameter estimation means that the parameters (time-invariant 

inputs) of the model are calibrated to replicate the measured data as accurately as possible. This process is often 

done by hand, to improve the predictive capabilities of the model, but it can also be automated and carried out at 

regular intervals. When automatically applied, it can provide interesting diagnostic information, for example if 

heat resistances of walls, windows, or heat exchangers are starting to drift away from their design values. State 

estimation, on the other hand, involves running a model under the same conditions as the physical twin in real 

time in parallel, and continuously forcing the model to replicate sensor signals. This is not a trivial operation for 

a model of a room that may have hundreds of variables, while perhaps only one or two physical measurements 

are available. However, if successful, the benefits are significant, and it allows access to hundreds of so-called 

virtual sensors in the room (all the additional variables of the white-box model). 

This means that it is possible to reliably observe and control things that cannot easily be measured in real 

buildings, such as operative temperature or wall heat fluxes. Automated analysis of the forcing signals may reveal 

interesting insights, such as excessive opening of windows, malfunctioning blinds, simultaneous heating and 

cooling in rooms, and uncomfortable room conditions. Such a tool would allow performance based smart 

contracts and energy cost guarantees, highlighting the real potential (Hunhevicz et al., 2022). 

 

THE IDA BUILDING TRACKER 

EQUA is currently developing parameter and state estimation functionality for its building simulation software 

IDA ICE, the IDA Building Tracker . So far, the focus has been state estimation, using air temperature 

measurements of one or several zones as inputs to estimate the state of the entire building. To compute how much 

forcing power is needed to adjust the digital twin so that it follows the real building, the differences between the 

measured air temperature and simulated air temperature for all measured zones are used. These differences are 

multiplied by an observer matrix that maps the measurements to all building states. How to compute this gain 

matrix and how to tune the computation of the matrix is ongoing research as of 2022. 

 

The validation of the IDA Building Tracker is being done in collaboration with AEE INTEC, focusing on two 

buildings in Austria: The ñPr¿fboxò, a small-scale test facility equipped with high resolution measurements in 

Gleisdorf and a building in Villach operated by INFINEON Technologies Austria. In the newly built research 

and development building of INFINEON Austria, both real-time simulation and building tracking with 

adjustment signals are being tested in several selected office and meeting rooms. These rooms have been 

equipped with numerous sensors to measure flows and temperatures as well as detect window openings and the 

position of sun blinds. These measurements are used as inputs to the simulation (in real time and offline) and to 

validate the model. Fig. 1 shows the physical and the digital twin of the observed building. Results for this object 

are not yet ready and will be presented in future publications. 

 

FIG. 1: PHYSICAL AND DIGITAL TWIN OF INFINEON OFFICE BUILDING (SOURCE: INFINEON TECHNOLOGIES AUSTRIA &  EQUA) 
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Fig. 2 shows measured (red) and simulated (blue) temperature for room 2 in the Prüfbox in Gleisdorf for more 

than two months. The green line displays the difference. Within the presented period, different planned events 

took place, for example the radiator was turned on and off according to a given schedule, blinds were closed, and 

the mechanical air exchange rate varied. These events were replicated on the simulation model as closely as 

possible to try to match the measured values. Depending on the happenings, the gap between measurement and 

simulation alters. In Fig. 3, the IDA Building Tracker has used the error to apply forcing, which has reduced the 

simulation error significantly. In Fig. 4, the amount of applied forcing power is visualized as a function of time. 

Different events in the building will show specific signatures in these forcing terms, which will enable the 

identification of what is happening. 

 

 

FIG. 2: COMPARISON OF MEASURED AND SIMULATED TEMPERATURE WITHOUT BUILDING TRACKER 

 

 

FIG. 3: COMPARISON OF MEASURED AND SIMULATED TEMPERATURE WITH BUILDING TRACKER 

Temperature difference Pr¿fbox Room 2 without forcingFrom 29.10.2019 00:01:00 to 07.01.2020 23:55:00

Measurement

Simulation

Measurement-Simulation

 Time [h] 7400  7600  7800  8000  8200  8400  8600  8800

 29  31  1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  1  3  5  7

 Temperature
 [ÁC]

 -5

 0

 5

 10

 15

 20

 25

Temperature difference Pr¿fbox Room 2 with forcingFrom 29.10.2019 00:01:00 to 07.01.2020 23:55:00

Measurement

Simulation

Measurement-Simulation

 Time [h] 7400  7600  7800  8000  8200  8400  8600  8800

 29  31  1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  1  3  5  7  9  11  13  15  17  19  21  23  25  27  29  31  1  3  5  7

 Temperature
 [ÁC]

 -5

 0

 5

 10

 15

 20

 25



 

98 

 

 

FIG. 4: HEAT QUANTITIES SUPPLIED AND DISCHARGED FOR THE STATE ADJUSTMENT 

 

CONCLUSION 

The IDA Building Tracker opens a path to ñmission successò in the construction sector, operating buildings with 

best possible indoor conditions at lowest cost. IDA SE fulfils the base requirements for running a realistic digital 

twin in real time, however it is a complex goal to achieve, and a lot of development is still needed. Research and 

testing on different buildings continue. The first results look promising for finding a track to optimized building 

operation. 
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SUMMARY 

The newest revision of the Energy Performance of Buildings Directive (EPBD) issued in 2018 foresees, amongst 

other improvements, the implementation of a Smart Readiness Indicator (SRI) of buildings to recognize the fact 

that buildings play an increasingly active role within an intelligent energy system. In a study undertaken for the 

European Commission, a methodology for the assessment of the SRI has been developed following the issuing 

of the directive. The European Member States can now, within a five-year phase, test the implementation of the 

SRI with the proposed or alternative methodologies. Within the study presented in this paper a series of currently 

available methodologies for the assessment of the SRI are being analysed and compared for different case study 

buildings in Austria. The aim is to conduct a well-founded analysis of different SRI approaches and to prepare 

the test phase of an SRI in Austria in parallel to the EU-wide start of the test phase in 2022.  

Key Words: Smart Readiness Indicator; SRI Methodologies; Load shifting in buildings.  

 

INTRODUCTION  

Based on the "Clean Energy for All Europeans" package of measures from 2016 and the "European Green Deal" 

the European Commission (EC) is pushing the building and energy sector for the interlinking of intelligent 

technologies with a high proportion of renewable energies in combination with energy efficiency. The assessment 

of the smart readiness of a building by means of an indicator should contribute to this effect, to ensure that 

buildings are fit for the future requirements of renewable energy systems, flexible energy grids and the needs of 

the end users. With the latest adaptation of the EPBD in 2018 [1], the European Commission introduced an SRI 

as an optional assessment of buildings. A consortium around the Flemish Institute for Technological Research 

NV (VITO) has developed a proposal for an assessment methodology for the European Commission. At EU 

level, a decision on the methodology of a preliminary SRI based on these studies was taken in December 2020, 

and a delegated act and an implementing act were put into force from 1st January 2021, allowing a 5-year optional 

test phase for the member states. Since May 2021, a third EU study commissioned by the EC, again led by VITO, 

has been working on the monitoring of the EU countries participating in the test phase and on an online platform 

for interested parties. By 1 January 2026 at the latest, the current SRI Regulation of the EPBD is to be revised 

according to the findings of the test phase. 

The here proposed paper describes a study undertaken for Austria, which has the aim to establish and test a 

national assessment regime to optimally prepare the integration of the SRI into the national building directives 

and possibly into the energy performance certificate.  

 

METHODOLOGY  

With the aim to support the test-phase of the upcoming implementation of the SRI, a series of methodologies and 

proposals for the assessment of the SRI are being evaluated. The overall aim is to conduct on a national level a 
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sound analysis of different SRI approaches. To this end, buildings of different use are examined for their smart 

readiness, using various indicators. A particular focus is on the assessment of the load shifting potential and thus 

the potential CO2 emission reduction through the energy storage buildings can provide within the context of a 

renewable energy system.   

In a first step, a coherent analysis of currently available SRI-relevant indicators and methodologies is undertaken 

in literature research. The methodologies include, but are not limited to, e.g., the studies undertaken by a 

consortium led by Vito [2], the SRI Austria Study 2019 [3], the methodologies developed by the BOKU [4, 5], 

the klimaaktiv storage criterion as well as national projects related to energy flexibility in buildings [6]. Other 

potential studies can include international projects (such as IEA EBC Annex 82) and other Horizon2020 projects 

(such as e.g., X-tendo). Other literature related to the development or assessment of the SRI has also been 

considered, e.g., a comparative case study on the SRI [7] as well as studies on the applicability of the SRI in 

particular regions [8, 9] or clusters of buildings [10].  

In a second step the most promising SRI methodologies should lay the basis for the further development of the 

methodologies and the analysis within a comprehensive case study. For this purpose, three methodologies have 

been selected for a comparative assessment. It should be noted that the names used for the different methodologies 

are only used in the context of this study for easier identification.  

1. SRI EC [2]  

2. SRI Austria [3] 

3. SRI BOKU [4, 5]  
The three methodologies each differ in their approach, e.g., related to a qualitative or quantitative assessment, 

applicability for different types of buildings or data requirement to carry out the assessment. For example, the 

SRI EC concentrates with up to 54 parameters on building systems, controls and monitoring and provides a very 

broad but qualitative and thus rather subjective assessment. The SRI Austria has grid integration, energy 

efficiency and user comfort at its core and encompasses 47 potential parameters, including user integration and 

a dynamic building skin. The SRI BOKU has with 28 potential parameters mainly grid integration as a key aspect 

and focuses purely on a quantitative approach that calculates the load shifting potential and subsequent equivalent 

CO2 savings of buildings or districts. Table 1 provides an overview of the key parameters related to the three 

selected methodologies.  

TABLE 1: COMPARISON OF KEY PARAMETERS FOR THE 3 METHODOLOGIES 

Parameter SRI EC SRI Austria SRI BOKU  

Storage x x x 

Load x x - 

Total energy demand - - - 

Grid interaction - x x 

Heating x x x 

Cooling x x x 

Ventilation x x x 

Hot water x x x 

On-site energy generation x x x 

Dynamic building skin  x x x 

Monitoring and Building Management System (BMS)  x x x 

User Integration   - x - 
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The third step includes the application of the selected methodologies on several prototypical buildings, that differ 

in region, type, size, and age to cover a wide range of applications. The goal is to provide a comparison and 

sensitivity analysis of the different methodologies for their practicability, flexibility in application and validity in 

terms of relevance of results. For this study, seven real buildings have been selected for this first assessment. 

There are two offices, one office-university building and four residential buildings of different sizes as shown 

below in Table 2. The technical building systems vary from ground water heat pumps (GWHP) to district heating 

(DH) and local heating networks with biomass (BM) with heating systems ranging from thermally activated slabs 

(TAS) to low temperature surface heating (LTSH). The hot water generation includes electrical water heaters, 

solar thermal, biomass and a combination of a local heating network (LHN) and electrical storage (E-storage) 

system for the summer. On site energy generation is mostly PV on roofs as well as PV on façade, solar thermal 

and small-scale wind turbines (WT) in one of the case studies.  

TABLE 2: KEY DATA OF PROTOTYPICAL CASE STUDIES USED FOR COMPARATIVE ASSESSMENT 

Parameter Building 1 Building 2 Building 3 Building 4 Building 5 Building 6 Building 7 

Building type office residential  office university / 

office  

multi-family 

residential 

multi-family 

residential 

multi-family 

residential 

Year of 

construction 

2012 2004 2008 2020 2017 refurbished 

2017 

refurbished 

2017 

Gross floor 

area [m2] 

8820 417 9430 4080 743-1080 227 665 

Building 

system 

GWHP, DH   biomass 

boiler 

GWHP  district 

heating, 

chiller 

microgrid, 

local heating 

network, BM 

microgrid, 

local heating 

network, BM 

microgrid, 

local heating 

network, BM 

Heating  TAS, 

underfloor 

heating  

TAS   TAS   TAS   LTSH  radiators radiators 

Hot water  electrical 

water heater 

solar 

thermal, 

biomass 

electrical 

water heater 

electrical 

water heater 

LHN,  

E- storage in 

summer  

LHN,  

E-storage in 

summer  

LHN,  

E-storage in 

summer  

On-site 

energy 

generation 

PV on roof 

and facade, 2 

small scale 

wind 

turbines 

PV on roof 

and facade, 

solar thermal  

PV on roof 

and facade, 

solar thermal 

- PV on roof  PV on roof  PV on roof  

Storage - thermal 

storage 

thermal 

storage 

3000l 

heating 

storage 

electrical in 

local grid  

electrical in 

local grid  

electrical in 

local grid  

BMS  yes - yes yes yes yes yes 

 

To provide comparable results, the three methodologies have been applied with the same key data, however given 

the difference in the calculation procedures, not all parameters are weighted equally, which also signifies the 

differences in the three approaches. As outlined in Table 1, the key data needed for the assessment as well as the 

parameters vary between the SRI EC, SRI Austria, and SRI BOKU Methodology. Nevertheless, since the aim of 

the methodologies is the same, the different approaches highlight that each has its own focus and provides 

qualitative and quantitative collected input and differently weighted results as output as shown in the following 

results section.  
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RESULTS 

To make the results comparable, the three methodologies have been normalized towards a 100% range as each 

methodology has a different ñmaximumò point that can be achieved. With the normalized percentage range, each 

approach is weighted equally within the respective assessment.  

Fig. 1 shows the results for the initially selected prototypical case studies within a 100% range. Each building as 

described in Table 2 is depicted with the three methodologies. Since the BOKU methodology assesses each grid 

separately (i.e., electrical grid, thermal grid and gas or other grids) there are two results (SRI BOKU elec. and 

SRI BOKU therm.) shown for this methodology. Both the SRI EC and SRI Austria deliver a single figure as a 

key result.  

 

FIG. 1: SRI RESULTS FOR THE APPLIED METHODOLOGIES FROM THE PROTOTYPICAL CASE STUDIES 

The results show that the three indicators are not yet very comparable but deliver comparable results regarding 

the orientation towards 'smart readiness'. For example, in all three indicators Building 3 is rated relatively high 

or has a higher SRI value than all other buildings. This is mostly due to the innovative character of this building 

and the high level of advanced building energy systems applied in the building. However even this building does 

not even achieve an SRI over 60%. The assessment also highlights, that the three methodologies do not 

necessarily have the same tendency for low or high SRIs, thus it depends on the building type and parameters, if 

one SRI in one methodology is higher or lower. Overall, it can be said that the SRI Austria rates buildings higher 

than other SRIs, unless there is a high level of advanced building energy systems as highlighted in the above 

noted Building 3. Building 4 is rated comparatively low. This is mainly due to the missing energy storages and 

the relatively high heating flow temperature. The SRI BOKU rates buildings with an SRI above 1 only if there is 

a passive or active interaction with the grid. If this is not the case (as shown in Buildings 1,2 and 4) the SRI 

equates to zero.  

In addition to the actual results of the SRI, the goal was also to assess the ease and availability of data input and 

the effort for data acquisition for the different methodologies. If the methodology is very elaborate and detailed, 

then the complexity in the data acquisition increases substantially up to the point where certain parts of the 

assessment cannot be carried out due to missing data. In the below Fig. 2. it can be seen that the effort of data 

acquisition differs greatly between the three analysed methodologies. The SRI BOKU methodology takes most 

of the required information out of the energy performance certificate, additional data is only required related to 

storage type and activity and grid connection, therefore the data is more easily available. The SRI Austria and 

SRI EC methodologies require a series of detailed information on the building components, which are more 

difficult to find in technical building documentations. It most however be noted that these results depict a 
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subjective assessment of those researchers involved in carrying out the calculations. For a more comprehensive 

understanding a wider sample would need to be undertaken.  

 

FIG. 2: COMPARISON OF EASE OF DATA ACQUISITION BETWEEN THE THREE METHODOLOGIES 

 

CONCLUSIONS 

The goal of this study was to compare three developed methodologies related to the assessment of the SRI and 

apply the approach to a series of prototypical case studies. The study shows that each methodology has its 

advantages and disadvantages in different areas, such as aspects covered, ease of data acquisition and purely 

quantitative (and subjective) vs qualitative (and objective) approach.  

The results highlight that the tendency (i.e., lower, or higher SRI) differs depending on the methodology applied, 

which means that a building could be rated high with one methodology and rated lower when applying a different 

approach. What is also noticeable, that all evaluations show relatively low SRI values, far from 100%, even for 

very innovative, new buildings. Therefore, further considerations are needed related to the scaling of the different 

indicators and to assess how buildings can achieve higher values and what changes would be necessary within 

the methodologies. Related to the data input it also became evident that if services for energy applications are 

used, they must be precisely defined to avoid different ratings by different experts. In this context a more 

comprehensive testing of the available methods is necessary, as, for example, the SRI EC method produces 

different results when it is carried out by different experts [7]. In addition, the consideration of group of buildings 

and districts is relevant in the further development of the SRI assessment method, as the energy flexibility of 

individual buildings can be significantly improved by combining them into neighbourhoods as outlined in one of 

the BOKU studies [5]. Overall, the adaptation of buildings to the needs of the users is still very unclear in its 

importance and is treated differently in each methodology. It also shows that the three methodologies require a 

substantially different effort for the data acquisition and subsequent assessment. An adequate level of effort is 

however highly relevant, for the SRI methodology to be widely accepted and applied.  

In a follow up study, the three methodologies should be compiled to provide a basis for a database, to allow for 

the possibility of external data input by a series of experts. This would result in a multitude of buildings being 

compared with the three methodologies so that further conclusions and optimisation potentials could be drawn 

from an extended study. Also, a stakeholder consultation should address the following questions (1) Which 

energy applications and detailed information on buildings should be addressed and defined for the SRI (2) Based 
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on which focus should the SRI be aligned (e.g. focus on building technology, grid efficiency, CO2 savings or user 

comfort) and (3) What should the system boundaries be for the SRI, for both the infrastructure that is used for 

the assessment and for the size of the object to be assessed (building, block of buildings, district).  
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SUMMARY 

Dynamic simulation of the district heating and cooling networks is vital to investigate the design configurations 

to couple the renewable energy sources into networks. Depending on the scale of the network, these dynamic 

simulations can be computational expensive. In order to reduce the computational time, one of the simplification 

methods is investigated. The accuracy of the simulation results for different thresholds based on network topology 

are compared.    

Keywords: Dynamic simulation, district heating network, model simplification 

 

INTRODUCTION  

District heating and cooling systems are considered cornerstones of the smart energy systems due to their ability 

to bridge all these synergies. While designing new networks in high consumption areas will be taking into all the 

feasible and renewable heat sources, the current existing networks will undergo refurbishment of the distribution 

infrastructures, and expansion to the nearby areas with feasible heat demands. Investigating the impacts and 

possible design configurations of the new and existing networks requires dynamic analysis of the networks. 

Depending on the scale and the complexity of the network, the computational times for the dynamic analysis of 

the networks might not be feasible. Various simplification measures to reduce the computational time in dynamic 

simulation of the networks on the model level, topology level, 1, 2, 3, 4, 5, 6 have been investigated.  

One of the simplification measures to reduce the computational time on model level is investigated in this study. 

Different thresholds for replacing the dynamic pipe models with static pipe model is introduced. The trade-off 

between the simulation time and the accuracy is investigated. Thresholds are defined based on the study of the 

topology of the network and different tests (constant vs. variable supply temperature) is applied on different 

thresholds. A generic way for exchanging pipe models is introduced.  

 

METHODS 

The topology of the district heating network is automatically translated from shape file format to the structured 

models ready for simulation in software Dymola via Python script. This Python script is a flexible code for 

assigning static pipe model to certain pipes and dynamic pipe model to the rest of the pipes. Certain pipes can be 

defined by stating a condition by user such as pipes that are only consumer connections with length shorter than 

100m should be treated as static pipe model. In this process, an error prone framework is required because manual 

entries can cause wrong investigation especially when the size, therefore, the components of the network in the 

model increases.  

A network with 117 numbers of consumers and 4 production units, given in Figure 1, is modelled in Dymola 

environment. The pipe distribution of the network for investigation of pipe modelsô replacement is provided in 

Figure 2. Double pipe model for both static and dynamic models are created.  As dynamic pipe model, a plug-

flow approach developed by Van der Heijde et al., is used 7. 
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RESULTS 

Figure 3 shows the three thresholds for the pipe replacement. These thresholds are applied on original and 

extended network that is mirrored from the original network in order to increase the scale of the network. In 

Figure4, the prileminary results of the computational time comparsion of the Original (117 consumers) and 

Extended networks (234 consumers) with 3 different thresholds. The accuracy and different test cases will be 

provided.  

 

   

 

FIGURE 5 DISTRIBUTION OF THE PIPE DIMENSIONS, LENGTH AND LOCATION 

IN THE NETWORK 

FIGURE 4 TOPOLOGY AND LOAD 

DISTRIBUTION OF THE NETWORK 

FIGURE 6 THREE DIFFERENT THRESHOLDS FOR REPLACING PIPES ARE ILLUSTRATED IN BOLD LINES 
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FIGURE 7 COMPUTATIONAL TIME COMPARISON FOR TWO NETWORKS WITH THREE DIFFERENT THRESHOLDS 



 

109 

 

THE ESTIMATION OF GAS NETWORK LENGTH AND ASSOCIATED COSTS FOR EU-27 
AT NUTS 3 LEVEL BASED ON OPEN DATA 

 
Bernhard Mayr, Andreas Müller, Marcus Hummel 

Zentrum für Energiewirtschaft und Umwelt ς e-think 

Argentinierstrass 18/10, 1040 Wien, Austria 

Phone: +43 676 8142 81430 

E-Mail: mayr@ethink.ac.at 

 

SUMMARY 

The European Union follows the objective of becoming carbon neutral in 2050 or even before. According to 

(Then et al., 2020), the influence of drastically changed gas demand on the costs of gas transport and distribution 

is not fully understood so far. Therefore, this work aims to develop an open-source geographic information system 

(OGIS) based economic cash flow model which estimates distribution grid length, demand for gas and associated 

costs for distribution of gas in the EU. In the face of low availability of open natural gas network data, the method 

follows a top-down approach based on OpenStreetMap building data and the www.hotmaps-project.eu heat 

density map. The method is applied to the nomenclature of territorial units for statistics 3 (NUTS 3) regions of 

the EU-27 where results of grid length, gas demand and network costs are shown and discussed on an EU-wide 

basis. Based on the results, further steps to improve the model are suggested. 

 

INTRODUCTION  

Since the European energy system has to undergo a deep transition regarding the net-zero target, the future of 

natural gas infrastructure is unknown. Proposed scenarios, which assume a greenhouse gas emission reduction of 

at least 95% until 2050, consider a complete phase-out of natural gas in the long term (Luc van Nuffel, 2018). 

Replacing natural gas with synthetic methane or hydrogen based on renewable resources seems attractive. This 

option has some advantages, as it makes further use of existing infrastructure, additionally could balance the 

electricity system and can further increase the security of supply.  Nevertheless, the role of e-methane or hydrogen 

in the future energy system is very controversial and especially in the building sector, most studies doubt a 

sufficient and cost-efficient substitution of natural gas by green gas (Ueckerdt et al., 2021). The reason is that 

every development of hydrogen or synthetic gas has to compete with direct electrification. Scientists, 

stakeholders, analysts or market participants widely agree to the fact, that direct electrification is the cheapest 

option in sectors of light-duty vehicles, low/mid-temperature industrial heat (<400°C) and space heating 

(Ueckerdt et al., 2021). 

Looking at the predicted natural gas demand in the future energy system, the business model of network owners 

and its resulting economic profitability is challenged. Generally, a gas bill for individual customers typically 

consists of 23% energy price and 35% network price (Luc van Nuffel, 2018). If network prices are kept at the 

same level, revenues for network operators would decrease because of decreasing demand, whereby investment 

costs could not be refinanced. Therefore, network costs would have to be adjusted, which in turn would increase 

gas prices for individual customers. If there are other heating technology alternatives, more and more customers 

tend to leave the network. The total costs for remaining customers would increase even further, leading to a spiral 

of high grid costs and therefore high customer prices which will again cause additional customers to leave the 

network.  

Not only DNOs are at risk of losing their business model, but the energy security of supply might be challenged 

too in the future. Several studies predict the importance of a gas network infrastructure as a substantial part of 

the future energy system, which importance might even increase in the future security of supply. A large number 

of studies survey these questions at a macroscopic level but when it comes to grid level, there is a lack of literature 

(Däuper et al., 2018; Then et al., 2020). 

This work aims to develop a GIS-based model to estimate the consumption of gas in the building sector and the 
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length of the supplying infrastructure. Both parameters are fed into a network cost estimation module, which 

assumes the net present value of the distribution network in the respective NUTS 3 region. The resulting net 

present value serves as an indicator for the profitability of the distribution. The whole calculation is driven by 

assumptions on the future development of renovation rates and the rate of implementing efficiency measures in 

the building stock, derived from an ongoing research project (Tersteegen et al, 2022). The model was verified by 

carrying out the calculation on NUTS 3 regions of the EU-27 under two different scenarios. The first scenario 

(Gas20-scenario) assumes a gas phase-out after 2050 for the building stock. The second scenario (Gas60-

scenario) considers a continuation of gas-based heating systems after 2050.  

The individual results on estimated gas demand, network length and the net present value (NPV) were compared 

to each other. 

Finally, the developed model can serve as an open-source tool for stakeholders, the scientific community or the 

wide public to gain new insights into the future development of gas infrastructure.  

 

MATERIAL AND METHODS 

The main objective of the OGIS based economic cash-flow model is to estimate distribution grid length, demand 

for gas and associated costs for distribution of gas in selected NUTS 3 regions. This section explains the 

methodology of the model. 

 

GAS DEMAND ESTIMATION 

First, the model calculates the future gas demand for heating and hot water preparation in the building sector. 

The future demand is based on the open-data heat density map from the hotmaps project (Pezzutto et al., 2019). 

This data set shows the final energy demand for space heating and hot water preparation on the hectare level for 

EU-27 plus Norway, Switzerland, UK and Iceland for the year 2015. The development of the map is based on a 

statistical approach, which correlates the building stock characteristic with final energy demand for space heating 

and hot water preparation. To make statements on the future development of gas infrastructure, the map needs to 

be projected into a certain year after 2015 under defined assumptions. This is, where the demand-projection tool 

comes into play: The tool is a python script, which projects the final energy demand for the building sector into 

a defined year based on assumptions of renovation rates and implementation rates of efficiency measures in the 

building stock (Müller and Hummel, 2019). A stand-alone open-source version of the tool is available on the 

hotmaps platform (https://www.hotmaps.eu/map). The rates of the actions are defined by pre-defined scenario 

inputs from an ongoing research project (Tersteegen et al, 2022). The scenarios are calculated by using the 

Invert/EE-Lab module. The module is a dynamic bottom-up techno-economic simulation tool, that evaluates the 

effects of different policy packages on the total energy demand, energy carrier mix, CO2 reductions and costs for 

space heating, cooling, hot water preparation and lighting in buildings (Kranzl and Müller, 2015).  

The final gas demand was derived from the heat density map by making a 2-step assumption on demand covered 

by district heating. Second, the demand covered by district heating was subtracted from the heat density map. 

Finally, similar assumptions were performed to derive the final gas demand from the subtracted heat density map. 

In a first step, the final heat demand density hectares Ὤȟ  that exceed a user-defined final energy demand limitdh 

were assigned a full supply by district heating. Below this threshold, district heating supplies only a part, 

according to 

 

 

  (eq.1) 

where ὴέὸȟ is the potential share of district heating in hectare ὭȟὮ . The absolute final energy demand covered 
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by district heating Ὤȟ
ȟ

 is calculated by  

 

     (eq.2) 

The factor Ὢ ȟ  in equation 2 serves as a scaling factor of the final energy demand covered by district heating, 

to meet the national share of district heating ὼ  in the supply mix for space heating and hot water preparation. 

The factor is calculated by 

 

   (eq.3) 

 

Further, the uncovered final energy demand was calculated by 

   (eq.4) 

 

Another determinant for the existence of gas supply is the spatial accumulation of hectares with high energy 

demand. Therefore, all hectare elements of the uncovered heat demand density raster Ὤȟ
ȟ

, which were not 

part of a cluster like a city, were set to 0. A cluster is defined as a set of connected hectares, which exceeded in 

sum a defined final energy demand. The clustering was proceeded by the python module óDBSCANô from the 

óSciKitô-library (Pedregosa et al., 2011) and converts Ὤȟ
ȟ

 to Ὤȟ
ȟ

. 

The calculation of the gas demand is based on similar assumption as from equation 1-3, with Ὤȟ
ȟ

 , ὼ  

and limitgas instead of Ὤȟ , ὼ  and limitdh. A further introduced parameter correlates the gas demand of a hectare 

element to the respective distance to the closest European gas transmission line. Because gas supply is based on 

pipeline-based transport, the existence of a distribution network in a hectare is determined by the distance to the 

next transmission line. Therefore, the potential gas heating share ὴέὸȟ  in hectare ὭȟὮ is additionally weighted 

with a connection probability. The weighted potential gas heating share ὴέὸȟ
ȟ

  has full potential at hectares 

directly at transmission lines (Ὠȟ π) and decreases linearly to 0 at a certain ofdistance Ὠȟ Ὠ , according 

to 

 

 

 (eq.5) 

The result of this assumptions is the final energy demand covered by gas for space heating and hot water 

preparation Ὤȟ
ȟ

. The final energy demand for gas in the building sector in the respective NUTS 3 region is 

obtained by 

   

 

(eq.6) 
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LENGTH ESTIMATION OF GAS NETWORKS 

Generally, open-data information about the network assets and their locations do not exist on a regional level. 

Therefore, the estimated network length for all NUTS 3 regions in Europe is based on a statistical approach, 

which is derived from (Chambers et al., 2019). This approach estimates the minimum network length 

ὰȟ
ȟ

 for connecting a set of buildings ὲȟ
ȟ
 in a hectare according to  

 

 (eq.7) 

The number of buildings per hectare ὲȟ  was calculated by extracting the building footprint shapes from 

the OpenStreetMap database (OpenStreetMap contributors, 2017) and counting the number of buildings shapes 

per hectare. To count only the buildings in identified clusters, all building hectares which werenôt part of a heat 

demand cluster were set to 0, obtaining a new number of buildings per hectare raster ὲȟ
ȟ

. The number 

of buildings per hectare supplied by gas ὲȟ
ȟ

 was calculated according to 

 

 (eq.8)  

   

The factor Ὢ ȟ in equation 8 serves as a scaling factor of the buildings supplied by gas, to meet the national 

share of gas supplied buildings in identified heat demand clusters, according to 

 

 

 (eq.9) 

To obtain the final gas network length for buildings in a NUTS 3 region, all corresponding hectare elements are 

summed up as  

 

 

  (eq.10) 

 

NET PRESENT VALUE CALCULATION 

The Net-Present-Value module calculates the Net Present Value (NPV) of distribution grids. It is the sum of all 

present values of all revenues and expenditures within the service life of the gas network. The referenced date, 

to which the NPV is calculated, is the defined base year. Every cash flow before the referenced date is 

compounded and every cash flow after the referenced date is discounted to the base year. Because the absolute 

value of the NPV is calculated, profitability is given, when the NPV is greater or equal to zero. NPV is calculated 

according to 

 

  

(eq.11) 
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where ὔὖὠ  describes the NPV referenced to the base year, 2  is the sum of all revenues gained in the 

past, #  is the sum of all operational and network maintenance costs spent in the past, )  is the investment 

spent in the past to build the network and 26 is the residual value of network assets after the target year. The sum 

in equation 11 includes all revenues 2 and expenditures that accrue up to the target year. Each cost parameter is 

based on calculated network length, gas demand or both. The network length and the gas demand are calculated 

for the base year and the target year. The values of both parameters in the years between the base year and target 

year are linearly interpolated. In the years before the base year and after the target year, both parameters are set 

to the values of the corresponding year.  

 

SCENARIO DEFINITION 

The calculation of the network length and the gas demand in the target year is based on a projected heat density 

map and an estimation of gas share to the final energy demand in space heating and hot water preparation. The 

heat demand projection is driven by assumptions on renovation rates and implementation rates of efficiency 

measures in the building stock in the EU-27. For network length and gas demand calculation, two different 

scenarios with different assumptions on building stock action rates and gas shares were chosen. The first scenario 

(Gas60-scenario) defines a share of 60% and the other scenario (Gas20-scenario) defines a share of 20% gas 

heated gross floor area in 2050. Gas60 was developed, to simulate a scenario, in which gas still plays an important 

role after 2050 and Gas20 was developed to simulate a phase-out of gas in space heating and hot water preparation 

after 2050. The evaluated period was set from 2020 to 2050, where 2020 is the base year and 2050 is the target 

year. Both scenarios use the same heat demand density map in the base year and use different projected maps in 

the target year, based on the respective projection assumptions. The gas share ὼ  and share of district heating 

ὼ  in the supply mix in space heating and hot water preparation in each EU country was derived from an ongoing 

research project (Tersteegen et al, 2022).  

The national share of connected buildings to gas distribution networks (connection rate, Ø ȟ) in identified heat 

demand clusters is set to 0.6 for 2020 for both scenarios in all EU-27 countries. In the Gas60 scenario, the 

connection rate is set to 0.6 whereas in Gas20 connection rate is set to 0.2. Thus, in the Gas60 scenario, the 

connection rate is considered to remain the same value from 2020 to 2050. In the Gas20 scenario, the connection 

rate is considered to decrease by 40% from 2020 to 2050. The assumptions on gas share changes and assumptions 

on changes in the connection rate from 2020 to 2050 diverge. For example, in some countries, the connection 

rate remains the same from 2020 to 2050, while the gas share of the final energy demand increases from 2020 to 

2050. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

114 

 

RESULTS AND DISCUSSION 

In a first step, the model evaluated for both scenarios the gas demand and the network length in 2020 and 2050.  

Only 23 countries of EU-27 were evaluated. The other countries were excluded because of unrealistic 

assumptions about the ratio of gas share and connection rate.  Figure 1 shows the distribution of gas demand per 

network length in 2050 related to gas demand per network length in 2020 (gpn_2050/gpn_2020). The results 

display each country and scenario. 

The figure reveals a very different development of gpn_2050 per gpn_2020 in each country and scenario. Three 

out of 23 EU countries show an increase in gas demand per network length, all other countriesô gas demand per 

network length decreases from 2020 to 2050. Comparing the figure with the scenario assumptions (Table ), the 

results correlate positively with the assumed development of the share of gas systems in buildings and the 

connection rate. 

TABLE 1: ASSUMPTION IN EACH COUNTRY AND SCENARIO (GAS SHARE 2050/GAS SHARE 2020: CONNECTION RATE 

2050/CONNECTION RATE 2020) 

country AT BE BG CZ DE DK EE EL 

Assumption - Gas60 1.07:1.00 0.61:1.00 1.92:1.00 0.72:1.00 0.65:1.00 1.42:1.00 1.21:1.00 1.34:1.00 

Assumption - Gas20 0.29:0.33 0.15:0.33 0.91:0.33 0.22:0.33 0.16:0.33 0.81:0.33 0.36:0.33 0.13:0.33 

country ES FR HU IE IT LT LU LV 

Assumption - Gas60 0.48:1.00 0.62:1.00 0.38:1.00 0.82:1.00 0.47:1.00 1.97:1.00 0.56:1.00 1.28:1.00 

Assumption - Gas20 0.14:0.33 0.14:0.33 0.09:0.33 0.29:0.33 0.12:0.33 0.89:0.33 0.21:0.33 0.57:0.33 

country NL PL PT RO SI SK     

Assumption - Gas60 0.39:1.00 0.84:1.00 0.16:1.00 0.38:1.00 1.20:1.00 0.42:1.00     

Assumption - Gas20 0.10:0.33 0.43:0.33 0.05:0.33 0.11:0.33 0.41:0.33 0.09:0.33     

  

The calculation of the NPV of existing gas distribution grids has been performed for the same EU countries. To 

compare the NPV of the individual country with each other, the value was divided by the number of inhabitants 

located in the respective gas designated areas. Figure 2 shows the NPV per capita in 23 countries and both  

FIG. 1: DISTRIBUTION OF GAS DEMAND PER NETWORK LENGTH IN 2050 RELATED TO 2020 IN BOTH SCENARIOS 
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scenarios.  

With the current choice of input parameters, hardly any network is economically viable. Only some regions in 

the Czech Republic, in Italy and the Netherlands have a NPV above 0 ú. Interestingly, the gas distribution 

networks have a higher NPV in the Gas20 scenario than in the Gas60 scenario. Considering that the Gas20 

scenario is a gas phase-out scenario, it is more economical for a gas network to exit gas after 2050 with the current 

model assumptions. 

The model calculates if gas distribution networks exist in the individual NUTS 3 region. The results vary with 

respect to the scenario and year. Figure 3 shows in an EU map the results of each region, visualised in a certain 

colour, which indicates, if a gas distribution network exists or not in a specific year and scenario. 

Regions, which are marked dark blue consist of gas distribution networks in 2020d in 2050 in both scenarios. 

The regions in red consist of networks in 2020 but in 2050 only in the Gas60 scenario. Regions, which only 

FIG. 2: DISTRIBUTION OF THE NPV PER CAPITA IN 2020 IN BOTH SCENARIOS 

FIG. 3: IDENTIFIED GAS DISTRIBUTION NETWORKS IN EACH REGION, YEAR AND SCENARIO 
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consist of gas distribution networks in Gas20 do not exist. Some regions exist, which only consists of gas 

distribution networks in 2020, but none in 2050 in both scenarios. These are marked pink in figure 3. Cyan regions 

have no gas distribution network in 2020d in 2050. Especially Finland and Sweden consist of regions with no 

gas distribution network. The reason for that lies in the distance to the next European transmission line. All these 

regions, most of them in the north and some in the south, are further than 50 km from the nearest transmission 

line. Therefore, no gas distribution network is indicated. If the parameter Ὠ  is set to a lower value than 50 km, 

the number of regions with no gas distribution network increases. Grey and red crossed countries are not included 

in the model calculation (UK, Iceland, Norway, Switzerland). 

 

CONCLUSION AND OUTLOOK 

Within the developed gas grid model gas demand, network length and associated costs for gas distribution grids 

in selected regions were calculated. The calculation is based on open-data regarding heat demand densities and 

distribution grid costs and on assumptions related to future gas demand and its regional distribution.  

One of the key findings of this work is that gas grid modelling based on openly available data is not straight 

forward. Gas grids are considered a critical infrastructure. Therefore, gas network operators are not obliged to 

publish network data like e.g. existing network length or gas flow in the networks. Thus, technical data about the 

gas network is hardly available. For this reason, the results of gas network models depend remarkably on the 

assumptions related to the stated parameters. 

Another key finding is the quantified effect of decreasing gas demand on the profitability of gas distribution 

grids. Even under the continuation of gas heating in buildings under the Gas60 assumptions, gas distribution grids 

will experience sharp declines in gas demand, due to renovation and efficiency measures in the building stock. 

Strategies to compensate for the decline in contribution margins need to be analysed. One possibility is to increase 

grid charges. On the one hand, this increases the revenues of network operators. On the other hand, this can lead 

to an increasing number of customers leaving the network and changing to a cheaper available heating system, 

speeding up the decrease of gas demand. 

In some cases, decommissioning of network lines could bring added value to the profitability of the gas 

distribution network. Reduction in network length will result in reduced operational costs. At the same time, gas 

consumers will be disconnected and gas demand will decrease. Decreasing gas demand will have the effect of 

decreasing revenues, due to fewer consumers paying grid charges. The key is only to disconnect network areas, 

where the sum of grid charges of connected gas consumers has no significant share on the total network revenues. 

Therefore, decommissioning network lines can be an option to counteract the trend of decreasing profitability of 

gas distribution networks. This can go as far as shutting down the whole grid and managing a controlled phase-

out of gas after 2050 to minimise the economic stranded costs. 

Under scenario assumptions of building stock renovation and system-wide exchange of heating systems, the 

business model for gas network operators is tackled. Even when grid charges are increased or network length is 

reduced to counteract this trend, effects can lead to further consumers leaving the network, resulting in network 

assets that are stranded or devalued in the medium or long term. Network operators need adequate strategies to 

either create a gas phase-out that results in the least amount of loss for stakeholders involved or to stabilise the 

profitability of the gas distribution network in the long term. 

The currently developed model has demonstrated first results, which identifies obstacles gas distribution network 

operators could experience under considered scenario assumptions. However additional studies are needed to 

evaluate the strategies that DNOs can set to avoid assets being stranded. A further improvement of the current 

model could help to answer these questions. 
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SUMMARY 

Integral control strategies for day- and artificial lighting play a crucial role in enabling a high level of visual and 

thermal comfort for the occupants, while reducing the energy demand for heating, cooling, and lighting. The 

study, which started within IEA SHC Task 56 ï Building Integrated Solar Envelope Systems for HVAC and 

Lighting, represents a typical office setup with a south oriented façade and includes a comparative evaluation for 

the different locations of Stockholm, Stuttgart, and Rome. It was now extended to evaluate the potential in energy 

saving and user comfort for different shading- and enhanced daylight redirecting façade systems in combination 

with a dimmable, daylight-responsive artificial lighting system. Beside energy demand, daylight availability and 

glare protection as indicators for a high-quality visual environment are evaluated for each case. Within the current 

research project BIM2IndiLight, the work is continued, and results are implemented in the development of a 

workplace- individual control module for day- and artificial lighting.   

Keywords: Energy efficiency; daylight and artificial lighting control, user comfort  

 

INTRODUCTION  

Within IEA SHC Task 56, different ñSolar Envelopeò solutions for offices and residential buildings have been 

investigated and evaluated by means of building and system simulation (Ochs et.al, 2020-1), (Magni et.al, 2021). 

To achieve an optimal facade integration by partly contradicting technologies including HVAC, renewables and 

lighting, control optimization of those systems was one of the major goals to propose a strategy for a successful 

solution. As a prerequisite, thermal and visual comfort must be proven for each solution. Furthermore, there was 

a clear need to understand the influence of a proper day- and artificial lighting strategy on the resulting heating 

and cooling demands and loads. While former reduces operating costs over the lifetime, second allows to optimize 

the HVAC sizing and therefore to reduce investment costs, which might be an additional driver for innovative 

daylighting solutions in future. 

Control strategies for daylighting and artificial lighting systems are still mainly rule-based and less integrated, as 

mostly both systems are operated separately. In a review of published literature between 2015 to 2020 on integral 

control strategies for day- and artificial lighting for office application, Plörer et.al 

(2021) show that there is an increasing interest to address multiple trades for achieving a maximum improvement 

in user comfort and energy efficiency. Even though automated control systems show a high potential in achieving 

high energy efficiency targets, user acceptance is mentioned as a decisive factor to achieve the targeted 

effectiveness of complex control routines also in real application. The future trend is moving towards 

decentralized control concepts with appropriate occupancy detection and space zoning addressing both, high user 

centeredness and user comfort through individual configurations and in same time optimizing a buildings energy 

demand by space- or facade individual control. Thus, integral control concepts based on simulations or learning 

systems are mentioned as appropriate methods to achieve those requirements. 

Roberts et. al (2022) analysed the potential of different control strategies in combination with commercially 

available solar control devices applied in the residential sector. It was shown that occupancy-based controls have 

great potential in overheating reduction, even though complex controls not always outperform simpler controls. 

While reduction of heating energy demand is more easily achieved, avoiding overheating risk and enhancement 

mailto:martin.hauer@bartenbach.com


 

119 

 

of daylight availability continues as challenging trade-off.  

 

METHOD 

The aim of this study is to evaluate the potential in energy saving and visual comfort by combining different 

façade systems (screen, shading blind, daylight redirecting blind) and control approaches (open/close, cut-off, 

retro) with different approaches to control the artificial lighting (constantly on, on/off, dimming). By investigating 

four different cases, it starts with a reference case, representing the easiest configuration (ñstate of practiceò) 

towards case 3, representing the most enhanced configuration with the best trade-off between the different 

requirements. The evaluation focuses on annual key performance indications for energy performance (heating, 

cooling, and electric lighting demand) daylighting performance (continuous daylight autonomy) and visual 

comfort (exceeding luminance at the façade). 

As test model, a south-oriented office cell (width: 4,5m / depth: 6m / height: 3m) is investigated. The room 

consists of three independent façade areas of 1m height each (Ochs et.al, 2020-2): an opaque parapet (FA1) and 

two transparent facades areas (FA2/3). Both are equipped either with a movable shading- or a daylight redirecting 

system, as shown in Fig.  and Fig. 29, respectively. 

The control of the daylighting façade system includes both: (1) a solar control to avoid overheating during 

summer as well as (2) a glare-protection control based on a luminance threshold as experienced by a user at the 

inner side of the facade. The artificial light control is investigated in three different modes: (1) constantly on 

during occupancy, (2) in on-off strategy based on daylight availability, or (3) continuously dimmed depending 

on the available daylight level to supplement to 500lx on the work plane. The daylighting and artificial lighting 

strategies are combined within three cases, which are listed in Table 1. The reference case represents a baseline 

scenario in which a conventional shading screen with a pure solar control is activated above the threshold of 

120W/m² and artificial lighting is permanently switched-on during occupancy.  

 

TABLE 1: INVESTIGATED CASE STUDIES 

 

The façade configuration for the reference case and case 1 (Figure 1) represents a standard system with a 3-pane 

insulation glazing unit and an exterior screen with a visual transmittance of 30%. In contrast to the reference case, 

in case 1 the shading screen is controlled by a combined solar and glare control, which considers both thresholds 

of 120W/m² global irradiance on the façade and a maximum luminance of 3000cd/m² on the inside of the facade. 

Investigated case (changes) Façade and Artificial light settings 

Reference case - REF 

(solar control) 

1. Artificial light constantly on during occupancy 

2. Glazed façade + solar protection with exterior screen 

Case 1 

(REF + glare control and daylight-

depending lighting control) 

1. Light with on/off control based on daylight availability 

2. Glazed façade + solar protection with exterior screen 

Case 2 

(Case 1 + daylight redirection system with 

solar and glare control) 

3. Light with on/off control based on daylight availability 

4. Glazed façade + shading venetian blind (FB2) and 

specular daylighting blind (FB3) 

Case 3 

(Case 2+ dimming light control) 

5. Light with dimming control based on daylight 

6. Glazed façade + shading venetian blind (FB2) and 

specular daylighting blind (FB3) 
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The façade configuration for case 2 and case 3 (Figure 2) consists of two individual facade parts, including a 

convex shading blind with diffuse surface finish (FB2) and a concave daylight redirecting blind with a high 

specular reflective finish (FB3). Two façade settings are included: a winter state, which solely accounts for glare 

control (max. 3000cd/m² on the inside of the façade) and a summer state, which additionally solar control (max. 

120W/m²). Therefore, in winter state both transparent façade parts (FB2+3) are controlled in cut-off position as 

an ideal compromise in blocking direct sun penetration and using solar gains via diffuse radiation contribution. 

In contrast, for summer state FB3 is fixed at a slat angle of 0° to further enhance daylight utilization, while FB2 

is fixed at a slat angle of 45° to prevent from glare and overheating. This façade configuration was selected as 

the most optimal after testing different configurations for the whole year. 

 

 

  

FIG. 1: FACADE CONFIGURATION FOR THE REFERENCE CASE AND CASE 1 

FIG. 29: FACADE CONFIGURATION FOR CASE 2 AND CASE 3 
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The software DALEC (Werner et al., 2017) is used for the evaluation of the study. Intended as early-stage 

design tool for lighting designers, architects and building engineers, it enables an easy and fast evaluation of 

different façade solutions. Although easy to use, the software accounts for the complex thermal and lighting 

processes in buildings and allows a simple evaluation of heating, cooling, and electric lighting loads. Within 

IEA SHC Task 56, DALEC was validated and compared against several other dynamic simulation tools (Magni, 

2021). With this supplementary study, a special focus is given on the optimization potential of different day- 

and artificial lighting solutions towards the elaboration of more sophisticated control approaches.  

The measurement points MA1 (façade-near) and MA2 (façade-far) are used for the evaluation of the 

horizontal illuminance level on work plane height of 0,8m above floor. The measurement points MP3 and 

MP4 at 1,2m height above floor representing the sitting position at eye-level of two occupants next to the 

façade and used for evaluating the façade luminance at different viewing directions.  

 

 

RESULTS 

ROME: 

In Rome the solar gains dominate the influence on the overall energy balance. Therefore, the application of a 

dynamic façade system such as a diffuse screen (case 1) or a shading/daylighting blind system (case 2/3) generally 

shows a clear potential to reduce the cooling load compared to the reference case. At the same time, the 

application of a daylighting system reaches only minor improvements in reduction of artificial lighting power ( 

Fig. / Tab.2). 

An artificial lighting system with a daylight-based control saves up to 30% in energy demand for artificial lighting 

compared to the reference case (light always on during occupancy; Case 1 vs. Ref). By implementing a dimming 

function to complement the missing daylighting part to 500lx via artificial lighting, another significant amount 

of 13kWh/m² electric energy demand is saved, which leads to an overall reduction of the artificial light energy 

demand of 73% compared to the reference case scenario. 

Changes in the heating demand are neglectable compared to the cooling demand. Nevertheless, it tends to increase 

slightly for cases 2 and 3, mainly due to reduced artificial lighting gains. The continuous daylight autonomy 

shows no influence in the façade-near area (redirecting effect is not present), but improvements for the façade-

far area in case 2. Although the potential for daylighting is limited in this case (+6% absolute, +9% relative, in 

cDA for façade-far areas) due to the room setup, the trend is promising for rooms with deeper floor plans. The 

glare evaluation shows significant exceeding by using the pure solar control strategy (REF), which would not be 

acceptable (Fig. ). Case 1 and case 2/3 show a sufficient daylight utilization while avoiding glare - and therefore 

an optimal control for this location. 

FIG. 3: 3D SKETCH OF THE OFFICE CELL IN DALEC WITH THE POSITION OF THE SENSORS (LEFT), FLOOR PLAN OF THE OFFICE CELL 

SHOWING THE MEASUREMENT AREAS MA1 AND MA2 AND THE MEASUREMENT POINTS MP3 AND MP4 
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Fig. 4: Electric energy demand for heating (COP=2.5), cooling (EER=3.0) and lighting;  

continuous daylight autonomy for Rome 

 

TABLE 2: MONTHLY CASE STUDIES RESULTS FROM DALEC SIMULATIONS FOR THE LOCATION OF ROME 

Month 

Monthly energy demand [kWh/(m2mo)] 

Reference Case Case 1 Case 2 Case 3 

HT CO LI HT CO LI HT CO LI HT CO LI 

Jan 1.77 0.33 2.76 1.42 0.10 2.13 1.56 0.03 2.27 1.92 0.01 0.98 
Feb 1.54 0.47 2.40 1.38 0.16 1.78 1.43 0.12 1.75 1.80 0.03 0.71 
Mar 0.47 0.86 2.64 0.24 0.40 1.91 0.25 0.37 1.53 0.45 0.07 0.53 
Apr 0.21 1.40 2.52 0.16 0.70 1.69 0.15 0.72 1.50 0.35 0.10 0.47 
May 0.01 3.50 2.76 0.01 2.27 1.86 0.01 2.38 1.85 0.05 0.79 0.53 
Jun 0.00 5.16 2.52 0.00 3.95 1.76 0.00 4.05 1.75 0.00 2.36 0.43 
Jul 0.00 6.66 2.64 0.00 5.60 1.68 0.00 5.75 1.66 0.00 3.86 0.43 
Aug 0.00 7.57 2.76 0.00 6.44 1.76 0.00 6.55 1.68 0.00 4.31 0.56 
Sep 0.00 4.68 2.40 0.00 3.70 1.54 0.00 3.68 1.44 0.00 1.60 0.71 
Oct 0.06 3.61 2.76 0.03 2.64 2.03 0.03 2.51 1.96 0.07 0.81 1.21 
Nov 0.48 1.38 2.64 0.39 1.08 1.97 0.43 0.89 2.10 0.53 0.61 0.86 
Dec 1.36 0.30 2.52 1.20 0.22 2.00 1.31 0.16 2.16 1.60 0.08 0.93 

Total 5.90 35.94 31.29 4.83 27.25 22.10 5.17 27.21 21.66 6.78 14.65 8.36 
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FIG. 5: SUMMARIZING OVERVIEW ON EXCEEDING LUMINANCE AT MP3 FOR ALL LOCATIONS AND DIFFERENT CASES 
 

STUTTGART: 

In Stuttgart, similar as in Rome, the application of a daylighting system reaches only minor improvements in 

reduction of artificial lighting power. Again, the greatest reduction in artificial light demand is reached by 

combining a daylighting system with a dimmable artificial lighting system. Compared to a shading screen, the 

daylight redirecting system increases the cooling demand by almost 25% (albeit on a lower absolute level of 

cooling demand than in Rome). In contrast it shows again benefits in daylight utilization for façade-far areas, 

which means it is always a balancing in both aspects. 

Considering all improvements in case 3, the cooling load can be reduced by 65% and the lighting energy demand 

by 68% compared to the reference case (Fig 4/ Tab. 3). 

Due to the advanced building standard applied and the thermal boundary conditions (all surfaces adiabatic except 

the south façade), the heating demand is generally kept low and only slightly affected by the different strategies. 

A steadily increasing heating demand from case 1 to case 3 is again caused by reduced artificial light gains. 

Similar trends are also shown for the continuous daylight autonomy. Although the overall level on daylight 

availability is lower compared to Rome, the façade-far area reaches still satisfying daylight utilization. Glare 

issues are significant only by applying the pure solar control (reference case) but show satisfying results by 

considering the combined solar- and luminance based blind control. 
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FIG. 6: ELEC. ENERGY DEMAND FOR HEATING (COP=2.5), COOLING (EER=3.0) AND LIGHTING;  
CONTINUOUS DAYLIGHT AUTONOMY FOR STUTTGART 

 

TABLE 3: MONTHLY CASE STUDIES RESULTS FROM DALEC SIMULATIONS FOR THE LOCATION OF STUTTGART 

 

STOCKHOLM: 

In Stockholm, both heating and cooling have a much higher sensitivity in the different cases due to the harsh 

climatic conditions. The resulting energy demand for case 2 with daylight redirection shows slightly higher values 

compared to case 1 using the diffuse screen. Considering all improvements in case 3, the heating demand 

increases by 50%, while the cooling demand decreases significantly by 71% compared to the reference case and 

still by 68% compared to case 2. This fact illustrates that the cooling load in cases 1 and 2 is mainly caused by 

the high electric light gains, which could be reduced either by more efficient lighting systems or less stringent 

glare control to further improve the potential of daylight harvesting especially in northern countries. By dimming, 

the artificial light demand can be reduced by 55%, which clearly shows an improvement in the overall end energy 

demand (Fig. / Tab. 4). For the continuous daylight autonomy, again the daylight system shows promising 

benefits for the façade-far area.  

 

Month 

Monthly energy demand [kWh/(m2mo)] 

Reference Case Case 1 Case 2 Case 3 

HT CO LI HT CO LI HT CO LI HT CO LI 

Jan 4.71 0.16 2.76 4.64 0.15 2.37 4.69 0.12 2.51 5.21 0.19 1.22 
Feb 3.11 0.13 2.40 2.87 0.34 2.01 2.88 0.36 2.01 3.38 0.35 0.93 
Mar 1.89 0.58 2.64 1.99 0.51 1.97 1.86 0.77 1.81 2.26 0.58 0.74 
Apr 0.52 1.52 2.52 0.65 0.61 1.85 0.48 0.89 1.73 1.16 0.15 0.59 
May 0.06 4.28 2.76 0.08 1.89 2.02 0.06 2.54 1.99 0.17 0.69 0.58 
Jun 0.00 5.54 2.52 0.00 3.31 1.86 0.00 3.95 1.86 0.00 2.07 0.48 
Jul 0.00 5.83 2.64 0.00 3.98 1.86 0.00 4.69 1.81 0.00 2.41 0.52 
Aug 0.01 6.08 2.76 0.02 4.15 1.82 0.02 4.96 1.73 0.02 2.33 0.62 
Sep 0.03 2.78 2.40 0.04 1.79 1.79 0.02 2.35 1.77 0.19 0.42 0.79 
Oct 0.61 1.15 2.76 0.74 0.47 2.23 0.63 0.67 2.23 1.52 0.13 1.35 
Nov 2.53 0.31 2.64 2.46 0.28 2.20 2.47 0.27 2.33 2.91 0.33 1.13 
Dec 4.72 0.02 2.52 4.35 0.18 2.27 4.42 0.18 2.36 4.86 0.19 1.26 

Total 18.19 28.38 31.29 17.83 17.68 24.25 17.53 21.77 24.1 21.68 9.85 10.21 
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FIG. 7: ELECTRIC ENERGY DEMAND FOR HEATING (COP=2.5), COOLING (EER=3.0) AND LIGHTING (LEFT);  
CONTINUOUS DAYLIGHT AUTONOMY (RIGHT) FOR STOCKHOLM 

 

TABLE 4: MONTHLY CASE STUDIES RESULTS FROM DALEC SIMULATIONS FOR THE LOCATION OF STOCKHOLM 
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CONCLUSION & OUTLOOK 

The investigated cases show significant differences between the applied lighting control strategies in terms of 

energy demand when the availability of natural daylight is considered, and in terms of visual comfort when an 

appropriate blind control strategy is used that takes into account glare problems. (REF vs. Case 1 and 2).  

Furthermore, the low effects on glare protection shown for the shading screen (Case 1) is on the one hand caused 

by the insufficient solar control approach especially in winter season, but also due to the relatively high 

transmittance of the used screen. This should be considered when comparing Case 1 and Case 2/3 in terms of 

glare. Daylight redirecting systems show slight benefits in all climates especially for daylighting in the façade-

far area and consequently for the uniformity of the illuminance distribution. Nevertheless, the increasing cooling 

loads in Case 3 for all sites show that it is always a complex trade-off between avoiding excessive solar gains 

(increasing cooling loads) and maximizing daylight utilization (increased daylight autonomy). While glare 

protection dominates in winter when the sun is low, sun protection is the decisive control in summer. 

It is clearly shown in the results, that energy optimization acts partly contradictory to the needs in visual comfort.  

While cooling can be reduced by a significant percentage in all three climates, heating demand rises especially 

in colder climate due to the need of glare protection during the heating season. Thus, more occupant individual 

control systems are needed to better utilize solar gains for times and individual places behind the façade without 

occupation. To investigate this approach, an extension of this case study is currently undertaken by adding an 

additional case 4 applying the so-called IndiLight-Module (ILM), which is a development within the ongoing 

BIM2IndiLight research project and has been already applied under a real office setting. The ILM includes a 

simulation-based control-kernel, which calculates the optimum shading configuration in time of each individual 

façade window depending on the current situation outdoor (incident radiation, ambient temperature) as well as 

the workplace-individual situation indoor (visual comfort, artificial lighting demand). Beside fulfilling the user-

individual needs, the ILM aims to bring a buildings primary energy demand to a minimum by optimizing solar 

gain and daylight utilization respectively solar shading individually for individual façade parts and workplaces. 

Preliminary results by this study extension can be shown in the conference presentation and will be published in 

a continuing work. 

https://doi.org/10.1080/19401493.2016.1259352
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SUMMARY 

A new method to model the interaction of 

objects exposed to solar radiation is 

presented. While the method has primarily 

been developed to model the solar gains 

through shaded and unshaded transparent 

facades in building performance simulation, 

it can as well directly be used to model 

absorption, reflectance or transmittance of 

other solar radiation related applications, 

such as solar collectors, PV or concentrated 

solar power facilities. The method differs 

from previously available methods in two 

essential features: firstly, a physically-based 

forward Monte-Carlo raytracer based on a versatile, generic material model has been implemented. The model 

inherently considers optical effects based on electrodynamics, such as polarization and refraction. Secondly, the 

angularly resolved optical properties measured during the raytracing sampling process are compressed and 

deployed based on spherical harmonics, functions known from quantum physics. This allows third-party software 

tools to model solar gains with raytracing accuracy with virtually no computational costs. The principles of the 

new method, its application as well as validation measurements of a shaded window are presented in this 

publication. 

 

BACKGROUND 

Amid global warming and considering that buildings account for a large share of the total energy consumption, 

the significance of highly accurate energetic models for buildings is continuously rising. In contrast to the detailed 

methods to describe and measure heat transmission through the building envelope, the models and measurements 

methods for solar gains through shaded and unshaded windows are still strongly simplified and lack in accuracy. 

This is especially relevant for complex fenestration systems (CFS) and generally all types of modern and non-

standard shading and glazing devices. Due to the increased insulation standards and the increased proportion of 

glazed surfaces, the energetic impact on the whole building energy balance is significant and even dominant in 

many cases. In mid-latitudes, solar gains can substantially raise thermal comfort and energy efficiency in winter 

while having potentially adverse effects on energy demand and thermal comfort in summer.  To maximize the 

beneficial effects of solar gains and mitigate any negative impacts optimized control of shading devices based on 

accurate models is essential. This, in turn, requires detailed and precise knowledge of all energetic flows through 

the building envelope related to solar radiation. The current standards provide strongly simplified geometric 

models, which are not able to accurately describe the impact of solar radiation. In recent years a new approach 

based on (mostly measured) BSDF (bidirectional scattering distribution function) information of the materials 

used and a combination of the software tools Radiance and LBNL Window is used. The workflow however,  is 

complex and based on geometrical optics using angularly resolved reflectance functions. An alternative approach 

is presented here.  

mailto:d.ruedisser@aee.at
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MULTICHROMATIC POLARISATION MONTE-CARLO RAYTRACER 

The key component of the new method is an angular scan of the target object in a ñvirtualò measurement process. 

Parallel beams of light consisting of different wavelength samples are cast on a 3D model of the target and the 

target quantity of interest (such as transmitted or absorbed power) is measured. For this purpose, a specialized 

raytracing approach has been designed and implemented. For optimal efficiency, Monte-Carlo methods are 

consequently applied during the raytracing process. The stochastic approach allows achieving the desired results 

with a specified accuracy in the shortest time necessary, essential for the complex processes involved. Unlike 

raytracing known from computer graphics, a forward-raytracing approach is implemented, meaning that the light 

path is followed in its natural direction. The raytracing is performed based on light-samples defined by a 

directional vector, a 4D-Stokes vector describing the polarisation state and a specific wavelength.  

A versatile, generic model has been implemented to describe the optical behaviour of different materials. The 

materials are defined by a complex-valued refractive index function, roughness parameters and a subsurface 

scattering function. The generic material can be used to model transparent as well as opaque materials. It also 

includes a thin-film option, which can be used to model coatings.  

 

SIOPS ï SOLAR INCIDENCE OPERATORS 

The angular, highly resolved information of the discrete raytracing samples is compressed into a functional form 

based on spherical harmonics. Spherical harmonics are a set of orthogonal functions defined on the sphereôs 

surface and known from quantum mechanics. Due to their mathematical definition, they have proven to be well 

suited to describe the optical scattering process involved. A non-linear optimization algorithm is used to 

determine the best set of coefficients to model the angular behaviour of the quantity of interest. This set, usually 

consisting of less than 100 real numbers, can be deployed to allow other software tools to accurately calculate 

the transmission, absorption, or reflection of the target object (e.g. a shaded window). 

The modelling based on spherical harmonics allows the description of the scattering behaviour in the form of 

smooth, differentiable, continuous functions. Additionally, high-level data of compression can be achieved. The 

method can be compared to the MP3-algorithm used for the compression of audio data. 

 

VALIDATION 

To prove the practical feasibility and accuracy of the method validation measurements 

have been performed and compared against the modelled results. The solar direct 

transmission of a triple glazed window with Venetian blinds of different materials has 

been measured over months. The measurement of this quantity is challenging, as an 

extended spatial region with highly fluctuating irradiance values has to be considered. 

Further, solar direct transmission depends on a set of strongly varying parameters, such 

as diffuse and direct irradiance, solar angle, and slat angle. A new measurement device 

consisting of a mobile pyranometer mounted on a three-axis CNC router platform has 

been developed and used to address this complexity. 
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SUMMARY 

A new multi-family house (MFH) is built in Austria according to the Passive House standard. Electric system for 

space heating and domestic hot water (DHW) is provided, moreover a mechanical ventilation with heat recovery 

(MVHR) is installed. A large photovoltaic (PV) system integrated in the south façade of the building is installed 

in combination with batteries to cover the electric energy request from the building. A comparison for the PV 

system among monitoring data, calculation results based on a monthly balance tool and dynamic simulations is 

carried out. The possible self-consumption and the adoption of the batteries are discussed. Results show a good 

agreement among measured and evaluated data. PHPP in combination with the new worksheet for self-

consumption proves to be a trustworthy design tool, combining the ease-of-use with acceptable results. Moreover, 

dynamic simulations allow to better predict the real self-consumption thanks to the smaller timestep. Batteries 

clearly allow a higher self-consumption, but also raise the mismatch between measured and evaluated data. The 

average load cover factor (LCF) and supply cover factor (SCF) of the considered case study are 43% and 92%, 

respectively. These values would decrease to 34% and 70% in case of no batteries.  

Key-words: Passive house, electric system, PV façade integration, monitoring data, dynamic simulation, PV 

batteries 

 

INTRODUCTION  

The building sector represents almost one third of the global final energy consumption (IEA 2022), therefore, an 

effort has to be made to improve the energy efficiency of buildings and buildingsô systems. Actions have been 

taken from the European Union to limit the environmental impact, as the Energy Performance of Building 

Directive recast of 2018 (EU 2018). The Passive House standard is a well-known way to pursue the energy 

efficiency of buildings (Peper and Feist 2015). Providing a high-quality building envelope and ventilation system, 

the comfort is assured while a low amount of energy is required for the heating system. In addition to this, 

adoption of renewable source is required to reach some classes of Passive House, as well as to fulfil the minimum 

requirements for new buildings in many countries. Moreover, increasing the self-consumption of the energy 

produced by renewable sources contribute to the common goal of decreasing global warming (Jager-Waldau et 

al. 2018). PV self-consumption in the residential sector can be planned for different energy requirements (e.g. 

heating, DHW, appliances, charge of electric vehicles, (Fachrizal and Munkhammar 2020) or a combination of 

those), with different electrical schemes and different goals (e.g. energy savings or economic savings, which are 

in turn dependent on the local legislation (Fina et al. 2021)). A review on PV self-consumption in residential 

buildings has been carried out (Luthander et al. 2015), analysing energy storage and load management to increase 

the self-consumption and suggesting further research on this topic. Further studies on PV self-consumption 

including monitoring data ((Dermentzis 2021) and (Bockelmann 2021)) show different self-consumption 

depending on the type of building, PV installation and building consumption. 

 

DESCRIPTION OF THE BUILDING CASE STUDY 

The building under consideration is a new MFH constructed in Austria. It fulfils the Passive House standard, 

therefore the design space heating demand is lower than 15 kWh/(m2a). The building includes 14 studio 
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apartments and several common rooms, for a total treated floor area of 999.96 m2. The space heating and DHW 

systems are completely electric. Electric radiators, with power adapted to each different room, are installed in 

each room. Moreover, an electric boiler is provided in the bathroom of each apartment and, in addition, three 

bigger electric boilers are installed in the common rooms in order to fulfil the DHW demand for the shared 

spaces, like therapy room, kitchen and laundry room. A MVHR is also installed. A distinctive characteristic of 

the building is the PV system of 32 kWp covering the whole south façade of the building. The system includes 

also three electric batteries with a total capacity of 20 kWh. The PV system with batteries aims to cover as 

much as possible the building energy request for space heating, DHW, appliances and auxiliaries (e.g. 

ventilation system). Figure  presents an overview of the complete system. 

 

FIGURE 1: SCHEME OF THE ENERGY FLUXES (DC IN BLUE, AC IN RED) AMONG THE PV SYSTEM, THE BUILDING AND THE GRID. ICONS 

MADE BY FREEPIK FROM WWW.FLATICON.COM 

METHODS 

In the current study, measured data and computational results are considered to analyse the energy produced by 

the PV system and the part that is self-consumed by the building (subsection 0). The difference between 

calculated and measured energy on the annual balance is presented with the Normalized Mean Bias Error 

(NMEB) (Magni, Ochs, and Streicher 2022). Furthermore, the Normalized Root Mean Square Error (NRMSE) 

(Magni, Ochs, and Streicher 2022) is used to better take into consideration the mismatch on monthly-level. 

ASHRAE Guideline 14-2014 (ASHRAE Guideline 14-2014 2014) recommends thresholds of ± 5% for the 

NMBE and ±15% for the NRMSE. Finally, the load and supply cover factors (subsection 0) are evaluated (based 

on measured data and tool results) to give a wider picture of the self-consumption in relation to the building 

consumption and to the total PV production.  

 

 

 

 

https://www.flaticon.com/authors/freepik
http://www.flaticon.com/
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MONITORING DATA, CALCULATION AND SIMULATION TOOLS 

MONITORING DATA 

Sensors installed in the building allow the measurement of required energies from the building and produced 

energy from renewable source. More specifically, the portions of energy produced by the PV system and self-

consumed or sent to the grid are known. Monitoring data are available every 15 minutes and are collected for two 

complete years (2019 and 2020). Based on monitoring data, the self-consumption is also evaluated considering 

the same system without batteries. In this case, the self-consumption is calculated as the minimum between the 

energy available from the PV system and the energy required from the building every 15 minutes. Moreover, 

measured outside temperature and solar radiation are also available. 

 

PASSIVE HOUSE PLANNING PACKAGE (PHPP) 

The Passive House Planning Package (PHPP) (Feist et al. 2007) is an Excel-based tool performing building 

energy balance on monthly level. The PHPP that has been used in the design phase is modified with the measured 

climate data and it has been calibrated to match the measured energy consumption (for space heating demand, 

DHW, appliances and auxiliaries, e.g. ventilation system). The PV self-consumption is evaluated using the 

additional worksheet developed in the framework of (IEA SHC Task 56 2020). It allows to evaluate the monthly 

self-consumption with and without batteries, using simulation-based annual factors. 

 

DYNAMIC SIMULATIONS 

Dynamic simulations are performed in MATLAB Simulink implementing elements from the CARNOT library 

(Solar-Institut Juelich 2018). Inputs of the simulation are the measured climate data and the measured energy 

consumption of the building.  

 

KEY PERFORMANCE INDICATORS: LCF AND SCF 

The load cover factor (LCF) and supply cover factor (SCF) on monthly and annual basis, as well as with and 

without batteries are calculated for both years. 

The LCF and SCF are defined as: 

ὒὅὊ
ὖὠ ίὩὰὪ ὧέὲίόάὴὸὭέὲ

ὦόὭὰὨὭὲὫ ὩὲὩὶὫώ ὧέὲίόάὴὸὭέὲ
 

(EQ. 1) 

 

ὛὅὊ
ὖὠ ίὩὰὪ ὧέὲίόάὴὸὭέὲ

ὖὠ ὴὶέὨόὧὸὭέὲ
 

(EQ. 2) 

Since PHPP calculates on monthly basis, the monthly and annual LCF are evaluated according to the following 

equations: 

άέὲὸὬὰώ ὒὅὊ
ÍÉÎὪϽὦόὭὰὨὭὲὫ ὧέὲίόάὴὸὭέὲȠὖὠ ὥὺὥὭὰὥὦὰὩ

ὦόὭὰὨὭὲὫ ὧέὲίόάὴὸὭέὲ
 

(EQ. 3) 

ὥὲὲόὥὰ ὒὅὊ
В άὭὲὪϽὦόὭὰὨὭὲὫ ὧέὲίόάὴὸὭέὲȟȠὖὠ ὥὺὥὭὰὥὦὰὩȟ

В ὦόὭὰὨὭὲὫ ὧέὲίόάὴὸὭέὲȟ

  
(EQ. 4) 

 

Where: 

1. The subscript ñmonthlyò indicates cumulative energy over a period of one month 

2. f is a simulation-based annual factor to consider the presence (or not) of the battery  
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Monthly and annual LCF from monitoring data and simulation (available every 15 minutes) are evaluated 

according to: 

άέὲὸὬὰώ ὒὅὊȟ

В ὖὠ ίὩὰὪ ὧέὲίόάὴὸὭέὲ  ȟ
ᶻ ᶻ  

В ὦόὭὰὨὭὲὫ ὧέὲίόάὴὸὭέὲ  ȟ
ᶻ ᶻ   (EQ. 5) 

ὥὲὲόὥὰ ὒὅὊȟ

В ὖὠ ίὩὰὪ ὧέὲίόάὴὸὭέὲ  ȟ
ᶻ ᶻ   

В ὦόὭὰὨὭὲὫ ὧέὲίόάὴὸὭέὲ ȟ
ᶻ ᶻ    (EQ. 6) 

Where: 

1. The subscript ñ15 minò indicates cumulative energy over a period of 15 minutes 

The corresponding SCF are evaluated analogously, changing the denominators (see (eq. 1) and (eq. 2)(eq. 2)) in 

the equations from (eq. 3) to (eq. 6).  

 

RESULTS AND DISCUSSION 

The PV production for both years for the various tools is presented in Figure . The PV production according to 

PHPP with the measured climate of 2019 is slightly lower than the energy evaluated with the standard climate, 

except from October to December. The implementation of measured climate data in 2020 leads to a higher PV 

production with respect to the standard climate (+4%). Both PHPP and simulations slightly overestimate the PV 

production compared to the monitoring data. But overall there is a good agreement among the monthly-based 

evaluation (PHPP), the dynamic simulations and the monitoring data for both years. Considering the measured 

annual PV production as reference, the NMBE is around 0.6% and the NRMSE is around 10% for both tools. 

Finally, in all the four sets of data, the peak production is around March and September due to the orientation of 

the PV modules toward South. 

 

 

FIGURE 2: PV PRODUCTION IN 2019 (LEFT) AND 2020 (RIGHT) ACCORDING TO PHPP, MONITORING DATA AND DYNAMIC 

SIMULATIONS. IN ADDITION, THE PV PRODUCTION ACCORDING TO THE STANDARD CLIMATE OF PHPP IS PRESENTED 

 

The PV self-consumption (Figure ) shows peaks around February/March and October/November, in accordance 

with the trend of PV production (Figure ). The evaluated PV self-consumption (both with PHPP and dynamic 

simulation) is overall higher than the measured values. Nevertheless, the NMBE is 1.6% for simulation results 

and 2.6% for PHPP, meaning that there is a good agreement among tools and measured data on the annual self-

consumption. Monthly differences are better highlighted by the NRMSE, which is around 20% for simulations 

and 33% for PHPP. Using this indicator, the threshold suggested by the ASHRAE is surpassed.  
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FIGURE 3: PV SELF-CONSUMED IN 2019 (LEFT) AND IN 2020 (RIGHT). VALUES ACCORDING TO PHPP, MONITORING DATA AND 

DYNAMIC SIMULATION 

To investigate the role of batteries in such a system, the PV self-consumption is evaluated for the same system 

without electric batteries (Figure ). Clearly, the system without batteries leads to a decrease in the self-

consumption, which amounts to 24% in case of PHPP, 16% with monitoring data and 21% in case of dynamic 

simulations (in line with the results presented in (Luthander et al. 2015)). With the system without batteries, a 

lower difference between monitoring data and evaluated results is highlighted. This trend suggests either a 

malfunctioning of the batteries in the building or a too simplified implementation of the batteries in PHPP and 

simulations (or a combination of the two). The NMBE is 1% for simulation and 1.5% for PHPP (cfr. with 1.6% 

and 2.6% in case of batteries), confirming the good agreement of the tools with measured data on annual-level. 

The NRMSE decrease to 14% for simulation and 27% for PHPP (cfr. 20% and 33% in case of battery). Possible 

future development of the PHPP additional worksheet might consider monthly-based factors for self-

consumption and values dependent on the size of the battery respect to the PV system. The battery model in the 

dynamic simulation might be improved by implementing the dependence of the capacity with the external 

temperature and the charge/discharge current. 

 

FIGURE 4: PV SELF-CONSUMED IN THE SYSTEM WITHOUT BATTERIES IN 2019 (LEFT) AND 2020 (RIGHT). VALUES ACCORDING TO 

PHPP, MONITORING DATA AND DYNAMIC SIMULATION 

The adoption of batteries allows increasing the PV self-consumption, therefore the energy sent to the grid (due 

to the surplus of the PV production) sinks. According to monitoring data, in the system without batteries the 

evaluated energy sent to the grid is 9.3 kWh/(m2 a) in 2019 and 9.4 kWh/(m2 a) in 2020. In the system with the 

batteries, when the state of charge reaches 100%, energy can be sent from the battery to the grid. Monitoring data 

account for 6.25 kWh/(m2 a) sent to the grid in 2019 and 5.33 kWh/(m2 a) in 2020.  

At the same time, the implementation of batteries leads to an additional energy flux from the grid to the batteries,  

to guarantee the minimum battery charge (which in this case is 10%). The energy required from the grid is 

estimated to be approximately 0.10 kWh/(m2a) from monitoring data. 
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Annual values of LCF and SCF for the system with and without batteries are presented in (Table 3). LCF and SCF 

change negligibly between the two years. Monitoring data showed an LCF of 30% in 2019, i.e. 2/3 of the energy 

required from the building comes from the grid and 1/3 from the PV system. If the same system is implemented 

without batteries, 3/4 of the energy would come from the grid and 1/4 would be directly used from the PV system. 

The SCF from monitoring data of 76% in 2019 decreases to 64% if the batteries are disregarded. LCF and SCF 

based on monitoring data are always lower than the evaluated data (as consequence of the different self-

consumption). Nevertheless, both PHPP and simulation allow to evaluate values that represent quite well the 

monitored data.  

TABLE 3: ANNUAL LCF AND SCF ACCORDING TO MONITORING DATA, PHPP AND SIMULATION IN 2019 AND 2020. EVALUATION FOR 

A SYSTEM WITH AND WITHOUT BATTERIES 

 LCF SCF 

 With batteries Without batteries With batteries Without batteries 

Monitoring (2019) 30% 25% 76% 64% 

PHPP (2019) 40% 30% 92% 68% 

Simulation (2019) 35% 28% 85% 68% 

     

Monitoring (2020) 29% 24% 76% 65% 

PHPP (2020) 46% 36% 93% 72% 

Simulation (2020) 35% 28% 84% 68% 

 

To analyse more in detail the trends of LCF and SCF along the year, Figure  shows the monthly values for the 

system with batteries (on the left) and without batteries (on the right) in 2019. In case of batteries, the PHPP 

calculates constantly higher factors than the measured ones. In summer, there is the biggest difference. A different 

trend is presented with the system without batteries, where PHPP cover factors represent quite well the measured 

values. Possible future development of the PHPP additional worksheet might reduce the self-consumption factor 

in case of batteries, in particular in summer. Similar conclusions can be drawn by comparing cover factors from 

simulations and monitored data. The biggest difference highlighted in summer in the system with batteries 

suggest the implementation of battery performance curves depending on the boundary condition (e.g. 

temperature) and on the charge/discharge current.  

 

FIGURE 5: LCF AND SCF IN 2019. COMPARISON BETWEEN PV SYSTEM WITH BATTERIES (LEFT) AND WITHOUT BATTERIES (RIGHT) 
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CONCLUSION 

The photovoltaic (PV) system covering the south façade of a new Passive House in the alpine climate has been 

investigated in the current paper. Specific attention has been paid to the produced energy from the renewable 

source and to the self-consumption of the building. The installed monitoring system allowed to measure the 

energy fluxes among PV system (panels and batteries), building and the grid in 2019 and 2020. Moreover, the 

monitored data of climate are available in the two years. Measured climate and building consumption have been 

used as inputs of dynamic simulation (in MATLAB Simulink environment) and a monthly-based tool (PHPP). 

The goal of the paper was to compare the measured data and computational results. Moreover, the implementation 

of electric batteries has been investigated. Results show that the evaluated values of PV production with PHPP 

and dynamic simulation represent quite well the measured data. To this goal, the implementation of measured 

climate in PHPP has an impact on the PV production, particularly in 2020. All three tools prove that the adoption 

of PV batteries allow to increase the PV self-consumption and therefore they represent a benefit in the building 

system. The implementation of batteries leads to a bigger mismatch of self-consumption among the three tools. 

In particular, monitoring data reveal the lowest self-consumption, leading to the conclusion that either the 

batteries do not perform as wished, or the batteries implementation in PHPP and dynamic simulations is (too) 

simplified (or both). According to monitoring data: an LCF of 30% is evaluated. These values decrease by 5% in 

case of no batteries. The SCF of 76% with batteries decreases to 64% without batteries. PHPP and simulation 

seem to overestimate the possible LCF and SCF, in particular in case of PV system with batteries, however, the 

trend over the months is well predicted. In conclusion, PHPP as a design tool is able to foresee the capabilities 

of a system with an acceptable accuracy, while ensuring a good level of simplicity. A further level of detail can 

be achieved by implementing monthly factors of self-consumption and factors depending on the size of the 

batteries with respect to the PV system. More accurate models of the electric battery might be required in the 

CARNOT library, considering also the effect of temperature and cycle of charge and discharge on the 

performance of the battery. The comparison among the mentioned tools and monitoring data presented in the 

current study can expand the data collection and enhance the level of trust in the available tools. Moreover, may 

help to draw more general conclusions regarding energy efficiency measures to be adopted.  
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SUMMARY 

Using single stage absorption chillers for gas engine trigeneration systems is a well known standard today.  

1. Beyond this standard, advanced absorption machines can increase the cooling output in 

trigeneration systems by 40%.  

2. In cogeneration systems, active flue gas condensation using an absorption machine allows to 

condensate the flue gas to approx. 30°C, thus increasing the output of heating water by 20-25%. 

3. Both approaches can be done with the same machine, optimizing cooling in summer- and heating 

in wintertime. 

As many cogeneration and trigeneration systems are located in moderate climates, the combined usage for heating 

and cooling is a major step forward in the aim for high efficiency energy systems. 

 

DIFFERENT EXERGY LEVELS  

The main thermal energy sources from a gas engine, driven by natural gas, are: 

¶ The flue gas  

¶ The jacket water 

¶ The oil cooler 

¶ The air cooler after the turbo charger 

The heat sources b), c), d) can be used for producing hot water at 90° to 100°C. The flue gas a) is typically in a 

range of 400ÁC and can therefore be used as ñhigher qualityò energy source.   

Nevertheless, most trigeneration projects today bring all heat sources to a common temperature level of 90° to 

100°C. 

 

ADVANCED SETUP ñCOOLINGñ  
                          cooling COP 0,7                                                                                            cooling COP 1,0 

 

 

 

 

 

 

 

FIG. 1: STANDARD COOLING WITH ά{INGLE STAGE CHILLERέ   ----- VERSUS    -----   ADVANCED APPROACH άaULTI FUEL CHILLERέ   
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