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SUMMARY

To meet future energy needs, the energy supply must be fossil free as well as available when required. Wind anc
solar are becoming economically compatiblet are not alwaysvailable 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 busidioky

The ECCABS model is used to simulate the buildings energy demand profile, while the TIMES model is used to
assess the leasbst solution for meeting the energy demamdr time The TIMES model is run with different
temporalresolutions (12, 72and 216 slices per yearn order to identifytheir influence on theenergy system
analysis

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

INTRODUCTION

EU aims to achieve climate neutrality by BJQ4]. 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 thg teaesgion and identify the
interactions between various attributes of the energy system including resources, technologies, storage, cost, an
emissions [3]. TIMES (The Integrated MARKAEFOM System) is a techreconomic model generator that is

used to malyze the energy demands in different sectors, (e.g., residential ligtimgerciaheating 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 dnalistribution 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, whichas becomenore importanf7]. For buildings, flexibilityis defined as the ability to
shift their energy c¢ons ur@pBuidimgs caa ach s prbsuncsers arftl hhavatke p e
capacity for storing energy as well. These capabilities along with energy flexibility can be employed to tackle the
intermittency of renewable resources, reduce peak demaaghift theload. Theliteraturemostly explores the

energy demand and energy end uskeudiflingsstockat fixedtemporal resolution (TR9] & [10]. However, in

this work, the focussonthe building s over all ener gy deman cdystarmahalysihe i r

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 buildingBevdssessing the energy transition of
municipalities. This includes the role of T&patial resolutionand division of demands$4unicipalities have a

key role in shaping the infrastructure of the local energy system [11]. Herapply a city level ESOM bade

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

and Cost Assessment for Building Stocks) is employed to simulate the energy demanceddméiabuilding

stock of the city The data fronECCABS is fed to the TIMES model for further analy3ilse city ofEskilstuna

had a population of 106 975 in 2020 and is growing in[di2g The annual population increase was nearly 1%
during the last decade [12]. ThHwriilding stockand energy demandre 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 generalobjective of the ECCABS model 3L is to explore various energy saving measu(ESM) on
buildings and analyze their outcome in terms of energy, GHG emissions, andHowstser, the ESMs are not
considered in this study, rather weightage is given to the impact of TR on energy analysis.

MODEL STRUCTURE
The ECCABSmodel consistsf two parts:

Simulink mode] which includes the simulation & optimization modules antves 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 structuraput datds specified at 1 hour resoluti@nd is fed to the model by the input
module. Input data includgdysial buildingdata (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 onades and ESMs (e.g., constraints on cost, human labor etc.)

In the simulationmodule,the energy performance of the building stock is calculated together with the potential
energy savingscosts, anagssociated COemissions The modulgakes into accau the thermal mass of the
building at each time stefd hour resolutionand extends the results to the buildstgckin the city. In the
optimization module,selectedESMs are implemented over a timelifellowing various technical and
economical reasamg [14]. The output from optimization includdemands by enrdsesanddemands by fuels
(highlightedin yellowin Fig. 1). This data is used as input in the TIMEB; model.

-
- Building Stock Climate Energy systems Scenarios
a —
£ (“status J( interventions )| {(CHourly ] (CLong-term J) |(Consite J(—Grid _J) | [ HFAlimit ][ Cost limit ]
A
T I J
E 4>[ Net energy demand ]4|—>[ Cost assessment ] ("
L
[} B .. .
_E —h[ Final energy use » Optimization
n L»‘ COz emissions \
e 4>[ Delivered energy ] ]
5
= Options and costs for
5 Demands by end-uses Demands by fuels P .
o retrofitting measures
[(Hourly J[ Annually )[ Topologies || (((Hourly J[ Annually )[ Topologies | | |(CHourly J(CAnnually ) [ Topologies |

Fig. 1Structure and workflow oECCABS Simulation Mo¢ist]

TIMES-CITY MODEL

TIMES-City model [L1] was developed within the SureCity EU EraNet project as a tool for enabling cities to
achieve their sustainability targets5[1 The TIMESCity model is based on the TIMES energy system
optimization framework. It aims$o provide support for efficiently integrated mnimHong 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 enargyese Tle modelalso includes existing
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and new technological options to meet future energy demand whileiriglfiie energy and environmental
targets such as reduction of £€€missions or increadause of renewables at the local level. The TIMES

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. Additiafly, it is possible to set in each zone the-ard 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 othanrinahtime
resolution referred to as TR in this study. There are tradeoffs between theseeg@lotion based on
computational resources, data availability, and methodological constraints [16]. Being fed with the output from
the ECCABS model, the TIMESity model analyses longrm (model time horizon) energy demand for the
building stock in Eskilstuna. Three different TRs (irdwanual time resolution) are applied to the model
separately, to identify the impact of TRs over energy system analysis.

APPLICATION OF MODELS

The deeloped ECCABS model is used to tune the building stock characteristics in the -BMESodel. 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/simx 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, ratdtifamily 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.

Tablel compares the ECCABS model and THJiBSModel.

TIMESCity ECCABS
Aim of the model Longterm energy planning Longterm energy demand perspectiv
Kind of model Techneeconomic ESOM of the comprehensiv| Energy, Carbon and Cost Assessme
energy system, including GHG and air pollutar for Building Stocks
Methodology Optimization (LP, coshinimizing, dynamic) Simulation
Model Structure Demand of energyntensive services: Provided Physical heating flows

exogenous / Supply: Modelled endogenously

Spatial resolution 8 buildings categoriei® residential sector 8 differentbuilding archetypes
Temporal resolution (TR) 12,72and216 8760
Time-horizon 20182050(5-year interval) One year
Cost inclusion All energy related cost Not applicable in the study

Tablel: Model comparisommnd specifications used in the study
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RESULTS
PHASE |: ECCABS RESULTS

ECCABS model is run with data from the timeline year (base y2@iB.Fig. 2shows the modeling results for

the energy delivered to buildings per energy. e the reference yeat3% of delivered energy is utilized for
space heating, whereas 9% isdugar 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

prodEIPV mMFD mSFD
Other

Biomass gm

e ———

District Heating

0 200 400 600 800 1000 1200 1400 1600 1800 2000

0 200 400 600 800 1000 1200 1400 1600 1800

Fig.3: Delivered energy demand Iiyel type(TJ) for the base e

Electricity and district heatingppear as the two major sources of delivered energy in residauit@ihgs in
Eskilstuna. 70% of energy demand is metitggrict heatingand 27% by electricity.

PHASE II: TIMES-CITY RESULTS

The delivered energy demand from ECCABS model is used to calibrate the base year foiCityvia8del for

the city of Eskilstuna. The TIMESIity 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 tilTh@s@odel results frorh2, 72 and216
TRsareaggregatedto annual levefor comparg resultsin the andysis, the fuel name is given based on the
energy commodity input. In the case of heat pumps, this is both electricity (RSDELC) ateimperature
source, e.g., ambient heat (RSDAHT) and ground heat (RSDGEO). Fig. 4 shows the resulting final energy
demandper 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 differédheRs.

nearly 60% of energy demand is met diybient heat dir heat pumpgsunder 12TR, the geothermahergy
(geothermal hegiumpg meet the about the same fraction of demand in 72TR and 2T&ERpattern of energy

mix remains same across the model horizon. The general trend seen from the fitpatetéslower resolution
(12TR) has more ato-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 72% 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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CONCLUSION

In the TIMES framework, the option to apmyhigherTR offers the potential to geneeaadditional powerful
insights into theenergysector where fluctuations in supply and demand are significant, even though this feature
alone is still less suitable fanalyzing fully the dynamics of the sectdhe work shows how time resolution can
influence the analysis of energystem It also gives an idea about teriation in choosing energy supply source,

and investments decisions in different TR caseshe study lhe characteristics of both models used are also
discussed.
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FLEXIBILITY POTENTIAL OF BULIDINGS WITH THERMAL COMPONENT ACTIVATION
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SUMMARY

The expansion of renewable energy generation as well as extensive possibilities foisemaggyare central
cornerstones of a necessary energy turnaround. Thermal component activation can be a key component, as it cz
be used multifunctionally as a heating and cooling delivery system and as a storage system for fluctuating
renewables. Thesgplications 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 corponent 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 insulatic
standards and poor control technology and systergmesthe timef]. 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 componenbacivalso used

as a space heating system, but often in combinafibeatingandcooling. This development has been supported

by both specific researcf{ B. Gluck, 1999 [3] M. Koschenz, B. Lehmann, 199¢4] J. Pfafferott, 2015[5]

K. Krel . 2 0 Iskapdingeffatts di the Associagjon of the Austrian Cement Industry in terms of
building a knowledge base and standardization of planning procej@jreSs a resultthermal component
activation has eablished itself as an economical and ecological systespaweheating and cooling. In recent

years, complementary tasks for building component storage systems have led to new impulses. Specifically,
thermally activatable building components have bdasoogtered as storage systems for fluctuating renewable
energies (solar thermal, photovoltdieat pump or wind powdreat pump combinations, etc.) and waste heat.
Thus, the storage potentials available through thermal component activation can be esddlig fiptions for
increasing renewable supply levels as well as for more efficient use of-fegbemfrastructures (heating and
electricity grids, central generation capacities, eto.Austria,around 10Qorojects have already been set up,
demorstrating the wide range dfuilding applications and system concefaisthermalcomponent activation.

The range of buildings extends from sinédenily and multifamily houses to office and training buildings, event

halls and gyms, and factory buildin@$e dfferent system conceptsan be sorted in thrdields of application:

local renewable energy generation, conneatiiih the electricity grid, connection withheating grid.

Utilization of locally generated renewable energy

Due to its storage capdibi and low operating temperatuthermalcomponent activation is predestined for the
intermediate storage of renewable energy generated locally on the property (solar thermal, PV in combination
with heat pumps, photovoltatbermal hybrid collectors (PVcollectors)smallwind 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 theincreasing expansion diig 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 o
cold in component activation in combinatioftlwheat pumps. In addition, operation at times of high grid load

can be avoidedr moved to times of lower grid loahd thus relieve the grid.

17

2 INTERNATIONAL 05 - 07 April 2022
SUSTAINABLE ENERGY Congress Graz
CONFERENCE 2022 Austria


mailto:w.becke@aee.at

Flexibilization options in micro, local and district heating networks

Thermally activated buildings also reped a flexibilization potential for local and district heating networks.
Generation peaks from renewable heat generators in the heating network can be fed into these decentralize
storage systems. Furthermore, thermal component activation has the ppsdisitnoothing 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 witbugddcheat

suppl: componenfctivated 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 dy@md 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 activattansiiil very new application

as a storage systemithin a national project iis 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 use
comfort, user satisfaction, economic aspects in construction and operation as well as functionality of the process
flows on the otherA portfolio of about 20 buildings was generatetharacterized by high diversity, e.g.
harmonized regional distributiprdifferent 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 ofratieg renewable energies as well as
different initial situations (new construction, renovation of existing buildingsyults from the monitoring of
selected objects will be presented in the subsequent paper along with an assessment of theirfteeitoiiztly
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ABSTRACT

This study considers the short term dynamics of substations of large utility buildings connecte@é¢neartion

District Heating and Cooling (5GDH@jrid, 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 whereftéghency 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 netwoskcapacity.

Keywords 5h 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 lateelfury.The first generations were based on
steam and high supply temperaturesIl00°C), resulting in large heat losses. Therefore, a shift towards lower
temperatures has been made, where current research mainly focuss€gpardtion District Heating netrks
(4GDH) (Ts<70°C) and 5GDH ( <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 delaaelitility

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., 201)3(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 thteshostability.

Connections from the utility building to the 5GDHC network prowstiéct 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 limitatitmes on
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 qualitytbé 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 shaircuited flows, low supply temperatures and setpoint errors.
Furthermore, problems familiar to 4GDH, haageresting known issues and challenges, where the most issues
regarding low return temperatures are a result of setpoint errors and control problems, however system desigr
can also contribute to it (Nord et al., 2016). Here the need for better and nesreeimetering systems is
highlighted to understand and undertake action on these problems and improve the systems performance
Additionally, setpoint temperature errors and substation control are known problems in DH substations for
proper return tempetares (Nord et al., 2018).

We conclude from the literature survey that the control of substations in 5GHDC networks-giigectbonal

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 therrshort
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stability of the hybrid control system. The &sas of highfrequency 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 aggwh. 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 summarisesindimdiags.

MATERIALS AND METHODS
SUBSTATION DESCRIPTION AND CONTROL TYPE

Gofcomvertions The substation and building considered in the case
fi et - study are designed closely related to the Dutch ISSO
Building L _Hetoume J ‘ D?‘”"ef Buiding T 39 guidelines, specifically design 3.2, of which a 60
heating net  Buffen i (3—\\ ‘ cooling net . . . . . .
‘ JE N v b ) simplified schemes shown in Figure 1. Additionally,
e TR Gonsener evapora o [ ,& T e g separate group of cold demand (server rooms) is
DA i g _16%;“&?5 e added, which can be cooled by the drycooler, the
E VaViBVAY general cold building net and the 5GDHC network

”“‘1 TP S o directly, depending on the operating conditions and
= outsidetemperatures. 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 infloy
(short cut the building) to the HPs aglivas 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 hea
transfer area and coeffici ent , omagimizelhé energyan theaesigna p p |
of this substation two separate heat exchangers are used because of the direct connection to the server roon
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 tl
flow direction. Furthermore, a drycooler is used to dissipate excess heat of the HPs when in cooling operation
and to o6l oad Bhedb@DHCigro mavinter.d-madllyd theretisaa canventional 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.

=
Dry cooler

Fig. 1: Simplified scheme of the substation

B3
Qc=on : L . _
e BEESDE The control is of the substation is organisedrduichically,
= off, . = N . o .
AN where the availability of the 5GDHC grid and the demand
\I Te,HPs
TCIHRSHC‘SEH'-( ) >Te,sett for from the building is used as an input. The demand is only
t=15 .
T s orchestrated by the flow and the temperature setpoint. The
g e B components have their own PID, cascade and maximum and
HE mon e = o . minimum contrdiers, of which the setpoint might be set by a
Y - f flow control i 1 i H
(Tc_bl{sc o oToser  1obe” irnc,sewz{\ ] HEX, 0% fo d_n‘ferent group. A_ large portion of setpoints are relatively
¥ . Ny t=Bmin simple or set to a fixed flow. Other controllers or components
o~ Eae . - .
. - Tobs *Toset 2] " show a more active participation towards the systems
HEXH = o, HEX = o e ™" = of, HEXg = an| behaviour. A list of the activeontrollers and corresponding
Tept < setpoints is presented in Table 1. e combination of a
tpoint ted Table 1. Th binat f
Teset,buf : ; :
continuous dynamic system and allowing many components
Fig. 2: Simplified state transition scheme cold side to y Y 9 y P
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— i switch between specific operating conditions

A1 | —THp{=15min ) - . - . .
Wopon MPgot|  IHPOCTRest friss i Bafiean based on switch parameters is defined as a hybrid
b=l h sel e B .. .
Y AN control class.Individual controllers might be
/ S stable, but that does not implicate that the overall
anzor|  an=an ) N\ Qi utarll LIS ' o
LMo )N \Jhiba < Tryeet | Theeretinr system is stable as the switching can occur at
b “'hset L s ! - . . - . age
Lo S e /o merEEe multiple operating conditions. A simplified state
= . h=en oy H
HPy=of, P T set1<Th e < Th e o =157 -on. HPz-oni transition scheme (drycooler not incorporated)
Fig. 3: Simplified state transition scheme of heating side which considers most of éfswitching 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 t
provide a clear overview. The combination of cascade controllers with hautilijectives and switching
conditions that seem contradicting or have other
performance.

Table 1: Actively controlled components in the heating system

Control components State Controlled variable  Setpoint
Heat pump Heat demand Capacity Teond.ont = MIN( Ty er, 46°C)
3way valve Tevap.out = 6°C
Cold demand Capacity Tevap.out= 6°C
3way valve Tebuitdin= Teset
HEX primary pumps Heat demand Flow prim Th. primout = 7°C
Cold demand Flow prim Te sec.one= MAX(9°C, T primin +1.5°C)
HEX warm sec pump Heat demand Flow sec Flow = FloWevap: — Flowe puita
Conventional heater Heat demand Capacity Thbuitdin = Thset
METHODS

The problems observed by the operators of the substation are shortly discussed in sEutisa @roblems 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 enegy meters located at a few component groups. This data is limited as it does not show all operating
conditions, nor can it show the shtetm dynamics and the causes of problems. Therebyftaghency data is

actively recorded, to allow for shorter tiraeales 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,-llewel control and thermodynamic calculations
developé@ 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 methodologydesigning 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 prgbe®lutions 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/cooléel daectly 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 shouwl dbelde®wai2it
These limits are often not met because of instabilities/inefficient control/complications in the substations,
devaluating the quality of the st or agBesidesehe hesvorla nd
side, the requirenmes for the building are not always achieved with the preferred components. The consumption
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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,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 havanproged, 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 th
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 tc
determine the causes of common problemg more depth. The most notable results from the data analysis are:

1 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 excbanger, there is a
heat exchanger between the glyeater 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 requirdgat the outside temperature must be 3 °C at most to meet the temperature
requirement.

1 Temperature requirements at the heat exchanger are violated at smhlhgharonditions, partially
caused by staup/shutdown produces, and shartit flows over théuffer.

1 A setpoint temperature above the maximum temperature of the HPs causes the use of a CH, as well as :
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 nevathlyun at full capacity, while the CH kicks in frequently.

1 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 temperatured 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.

1 Heat pumps capacity fluctuations are caused by higher temperatwegsgetiie HP as a result of low
flow over the building, thus large shortcut flows over the warm buffer.

T Thseis determined as the maximum of all the groups of heat demanders and the temperature setpoint of
each group is based on the position of thercbralve, officially ranges from 355°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 nc
delivered to the demanding group, causing it to increase the position of the control valve and thus the flow and
temperature setpoint further. Gnthe 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 foolieses @are
provided. The selected results are based on the main goals of system, ensuring the strict temperature limitation
to the grid, and maximising the use of the 5GDHC network and thus the HP for the heating diergpanekal
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heat exchangers aralg controlled ¢ . ______Heatexchanger Tomperatures
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Ie J ol T ! L%, —
5GDHC the return temperature t ¢ [, o B e S < R ) b
% 1 I s 1 v »

the grid is ofimportance, this side is
controlled. This results in a properl

10
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Te mperaturo
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are enlarged in the secondaryure

temperature. These fluctuations a
reduced again by the controls of tt -
HP, but due to the size an
frequency of the fluctuations, the :

Heat exchanger mass flows

1000 2000 3000 4003 'JOO(] 6003 70')’) SCDJ 9000 10000

Mass flow (kg/s)
= _qff‘J
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causing thé process to continue Fig. 4: The effect of different controllers on the secondary, substation side.

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 exceéslisgspothed 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 setpoin
does not bcome 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(¥&,jTon e 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 temperatuteyTfor

instance min(12°C, nlpim,in-1,5°C), this will ensure the minimum temperature on the secondary side if the
maximum of this controller and the dim.cutcontroller 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 similapéeatures on the primary side compared to the
standard case, from which it can be concluded that these controllers do not cause unnecessary high retur
temperatures to the gridd{dim.ou). In Fig. 4 differences on the secondary side between both dergrate clear;

the adjusted setpoint causes a higheecbuand a shallower slope, while the additional controller @gchut

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

Adaptation in the controllers also affect norropkration when temperature limits are exceeded and when they
do not necessarily cause a fluctuating returning problem. This has to be considered in choosing between thest
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 shouls
be minimised as much as reasonably iidsskeeping all objectives in mindrig.4 presents that for both
controller design, the primary flow does increase, but still remains at a low value. The flow is loweedar T
controller, however the sharp temperature slopes remain in place, migishbe 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 temperat . : : : Heat/pump grodp
are used as an input value for the compl
substation system. In Fig. 5 the tengiares
leaving the HP as a result ofvskcoutand the
different controllers are shown, here it can clea
be observed that that the newly design
controllers in most cases enable to redugey,du

keeping itcloser to 6°C, resulting in a smoothe .-}
heat exchanger operation. The temperati 4 e
violation just after 7000s is a result of a HP sf Time (5)

down. |—[-u»u- () SIANCAY e T %) ausied setpoint T s, cun | ©) Thascout contrlir|

~

Temperature [°C)
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{

Fig. 5: The effect of the different curves of evaporator entering

temperatures due to the different heat exchanger controllers
Switching parameters for cold/heat delivery of the
5GDHC network should be chosen with a wider hysteresis and ensuring that during cold delivery,Hiie<cold
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:couand would otherwise cause a sudden increase incti@ T
supply temperatay, having to be immediately be turned cn
again.

High Temperature HP vs Low Temperature HP

Ensuring maximum use of the 5GDHC network and the F

it is recommended to choose HPs that can reach
maximum setpoint temperature or that the setpc “
temperature only increases above the HP maxim a
temperature when HPs operate at full capacity. This v © ﬁ,,"“
allow for a higher percentagéthe heat provided by the HP< \ J
Fig. 6 shows the difference between the current HRHP) ! W4 " Thse

v —HTHP T
| S bl

installed (up to 47°C) and a high temperature HP-(HP)) HIHP T, g o
that can reach the mawxum setpoint. In this model, the HT = o
HP has a maximum temperature of 56°C and the turn or
conditions of the @ HP are kept equal to the standard ca _. ' Tines (%)

in both cases they turn between 2BEDOs and in the Fig. 6: Effect of setpoint temperature reachable by

standard case it shortly is turned down betw84804200s, D2eatpump

It shows that in the case of the 1HP, 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 gmint 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 250Quickly 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 basew 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 recirculatec
over the buffer, this explains the large hysteresis/den turning it on/offHowever, the CH turns on within

5min of when the second HP is turned on, eébhenigh 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 bothodeldxshoperating before

CH kicks in would be beneficial. Furthermore, quickly after CH kicks in (20min), the second HP shuts down
because of a sharp.&decrease, while CH remains running for several minutes longer. Both inefficiencies are
presented ifrig. 7. This adds to the conclusion that the CH should shut down if the second Héshuts

Finally, the hydraulics and capacity and temperature control of the HPs on the condenser side can be controllec
differently. These controls would apply to contbus as well as stepwise capacity controlled HPs, while the
continuous would show smoother temperature curves.
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5% : — : - : ~ The HP capacity could be used more effectively and

“" wester™ |1 reduce the use of the CH by reducing the response
L; T time. Currently, the temperature leavinghet
/ and the capacity it is runningn. This is a slow

condensers and thus the temperature entering the
\/ W ¢ response as the capacity only goes up every few
\ J\ ™

Temperature (°C)
, : @

building solely depend on the temperature entering
/ the condensers (mix of buffer flow and building flow)

2 P minutes and the entering temperature only increases

ol | slowly once the whole buffer has been refreshed,

i ; i : y ; , , causing the capacity to decrease again once the
0 02 04 06 0B 1 12 14 16 15 2 entering temperature becomes too high.

| TR ﬂ The HPs could be fitted with a thraey valve on the
et | I "Th casactyipz|  Ccondenser sil like already commonly executed at

40 _J Cowacty P11 the evaporator side. This thraay valve could be
r used to control the temperature leaving the condenser
e Tl ) of the specific HP. Basically adjusting the net flow

Tlme{_s) .10* over the HP and increasing the temperature jump. If
Fig. 7: Heat pump capacity and building entering temperatures the HP'sheat exchanger can cope with large varieties
from data analysis 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 approact
temperatee between the refrigerant and the water, gaining a higher heat exchanger efficiency). Then the capacity
of the HPs can be based on the Dbuildingds enterir
condensers is already at the setpoint, #pacity 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.

Heat pump capacity (%)
> ¢

Furthermore, the authors recommend that changes in both the contralaesigll 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 improvemel
can beconcluded 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 therformance in terms of G@missions, thereby maximising the

usage of the 5GDHC, one has to decide to either have HPs that are able to reach the temperature setpoints or tl
building system has to be designed such that first the flow is maximised befotemperature 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 shibblve a time constraint to prevent it from turning on almost immediately
after the 2¢HP is turned on and possibly it should be turned off if thédP 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, toeestake operation. Both
proposed solutions could be used. These methods should also be tried at for normal operation to decide on thei
effectiveness.
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ELECTRICITY MARKET PARTICIPATION OF HEAT PUMPS AND COMBINED HEAT
AND POWER PLANTS i OPTIMIZATION AND DEMONSTRATION OF FLEXIBILITY
POTENTIALS IN RURAL DISTRICT HEATING NETWORKS IN AUSTRIA

Christian Fuchs1, Benedikt LeitheCarolin Monsbergér Nicolas Pard&arcid, Josef PetschkpRaltRoman Schmidt
Demet Suna
IAIT Austrian Institute of Technology Gmisadf-roman.schmidt@ait.ac.at
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SUMMARY

The projecFlexi-Sync (flexible and synchronized energy systems) strengthens local and regengglsystems

by optimizing the flexibilityof the heating/ cooling sectdrhis contributiordescribes results tie Austrian part

of theproject, i.e. the application of the FIegync methodology to thdistrict heating network (DHN) of Maria
Laach including: First: the assessment diexibility potentiak and the investigation gbossible scenarios,
including singular or mixedlectricitymarket participation, possible flexibility installations and using a demand
shift algorithm to uséuildings as flexible headtoragesSecondtheresuls arescaled up to heating sectortire
whole region ofower Austriausing theTIMES-MARKAL energy modelling frameworKT hird: the operational
solutiors argested and evaluated in operational or gerational environmentsinally, the above investigated
flexibility options of thedistrict heating networlare evaluated economicatg well aggeneral business models
are derived.

Key-words Flexibility, District heating, Poweto-heat, CHP, balamig market, spot market

INTRODUCTION

Ambitiousdecarbonization 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 significan
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 blmsadsdistrict heating
networks (DHN) in Austria, many dhese plants are old with a low efficiency and need retrofitting. The
integration of poweto-heat (pt-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 potB) (@its 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 lant there are very few heat pumps
integrated. Aimof the FlexiSync projectis 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 contributidescribes results dhe Austrian part of theproject, i.e. the
application of the FlexBync methodology to thaistrict heating network (DHN) of Maria Laach

METHODOLOGY AND RESULTS

The project methodology has following stages

1. First, the flexibility potential of the curremistrict heating networls quantified (accounting for system
design and operational aspects). Based on these parameters, a Mixed Integer Linear Programming mode
is used to represent the statp® at the pilosite Maria Laach, as well a variety of possikbenarios,
including singular or mixedlectricitymarket participation, possible flexibility installations and using a
demand shift algorithm to use buildings as flexible {statagesThe main aim of the model is to
estimate the operational costs anderaies for different scenarios. To this end, full information on
technical and economic data is considered. The results, therefore, represeontimaicpotential for

1 https://www.ivl.se/projektwebbar/flexdync.html

2 INTERNATIONAL 05 - 07 April 2022
SUSTAINABLE ENERGY Congress Graz
CONFERENCE 2022 Austria

27



mailto:ralf-roman.schmidt@ait.ac.at
https://www.ivl.se/projektwebbar/flexi-sync.html

each scenario without considering readrld implementation problems, e.g., the need riiable
forecasts or predictive control.
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HGUREL: HEAT LOAD DURATION CURVE EBIRDAYAHEAD SCENARIO WITH FLEXIBLE BUILDINGS

2. Secondthis result will be scaled up to heating sector (residential and service sectbesyvimole region
of lower Austria. For this purpose, the HEAmes (Heat Lower Austria Times Energy Model) was
developed under TIME®ARKAL energy modelling framework. In addition, electric energy prices for
Austria are calculated in accurate way through a specific modethferpurpose created under
BALMOREL tool and interlinked to HLATimes. These prices are also used in the simulation to assess
the impact of flexibility measures in Maria Laach.

3. Third, atthe demo siteMaria Laach the operational solution from combinisgpply optimization and
control (productiorside) and demand management and control (buildsnde) will be tested and
evaluated in operational or near operational environmé&h&sefore, local controls will be modified and
a centralized 10T platform delped within FlexiSync will be applied.

4. Finally, the above investigatdixibility options of the heating netwogte evaluated economically. For
this, a cosbenefitanalysis (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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RENEWABLE ENERGY POLICIES IN A TIME OF TRANSITION: HEATING AND
COOLING
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SUMMARY

Energy use for heating and cooling remains the largestigmdector, accounting foroaind 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 deman
consumption, scalg 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, ting the rise of average global temperatures and meeting
sustainable development and energy access targets and improving livelihoods. For many countries, such &
transformation would be essential to enhance energy security and suppoecarmmic develapent goals
including job creation. Building on a previous study by IRENA, IEA and RENZ21, 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, whilshowcasing 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,
andhas 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, nmagtsustainable development and energy access targets. As well as helping to
decarbonise the sector, efforts to accelerate renewable energy deployment in heating and cooling also suppor
other socieeconomic objectives such as improving public health Byaimg 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 ldern 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, traditionasbicemains widespread

for heating and cooking, negatively impacting human health, ®mcnomic developments and the environment.

In general, energy consumption for heating and cooling purposes is expected to grow rapidly in the coming years,
mainly diven 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 effigg to curb demand growth, allowing renewables to meet a larger
share of final energy consumption in buildings and industry.
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Fig. 1. Estimated Share of Renewable Heating and Cooling in Total Final Energy Consumption. 2020. (IEA (2020). World
Energy Balances and Statistics 2020; IEA (2020), World Energy Outlook 2020.)

Still, the role of renewables in the sector receives relatively little attention from policymakers. Only 49 countries

I mostly from the European Unioih 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 andngpgkector. 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 ig bedtooling 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 rendveaiglé electricity (e.g., through efficient heat
pumps), and green gas (e.g. biega 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 electrificattbstrict 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, behaviourald aegulatory 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 dethénpng policies,
supporting the integration of renewables into the broader energy system, creating an enabling environment anc
economywide policies that support the sustainability and pace of the transition.

This report presents different transforroatpathways and policy options to achieve them, categorised in a policy
framework previously developed by IRENA, IEA and RENZ21. All policy options aim to accelerate the
installation and generation of renewables in general, but also take into considiratmergy access context
and the maximisation of socEconomic developments from renewable energy.
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REVIEW OF REGULATORY FRAMEWORKS OF DISTRICT HEATING
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SUMMARY

This paper (or poster) provides a revieweatjulatory approaches towards district heating in the European Union
(EV). For this purpose, a systematic and extensive literature analysis is applied. The overview aims to elaborate
differences between the national policy frameworks for district heatitigei 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 asumlaas in
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 greatdstllenges of our time. The European Union therefore aims to become an
economy with nekzero greenhouse gas emissions by 2050 (European Commission 2020). District heating
networks can play a decisive role in reaching these targets. Especially in depsédygubareasiecarbonization

of heating is hardly possible without district heating, as decentralised decarbonisation solutions reach their limits
here (Connolly et al. 2014; Burger et al. 2019). Due to the complexity induced by regional and technologica
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 prodsiariménized heat

in densely populated arelag way of modernizing older grids and expanding new ones with the help of a holistic
regulatory framework is indispensable to achieve a climatgral economy by 2050. In order to contribute to

this challenge, this paper gives a review of the currentlagary 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 201#)e@ther hand, there

are general policy reviews for (district) heating, but these only cover some regions or technologies (see e.g.
Ecoheat4dEW ProgRESsHEAZ, SDHp2m projects). Building on these studies, the aim of this paper is to
provide a compreheive, indepth 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 digt 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 documealyais as well as an onlirgirvey 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 distticgheahe 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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GermanyFlnIand and France, onIy rely 0l Figure 1: Shares of citizens served by and renewables in district heat (Fleiter et al. 2016)
laws that regulatén general energy and

competition issues (Werner 20 Hyroheat & Power 2011). Regarding the regulation of ownership, this implies
that several countries have spec#fiandards (e.g. on licensing or registration duties), while others do not impose
any paticular rules. In terms oprices for consumer, this means that only a few countries set consistent price
guidelines (e.g. maximum levelsethods of calculation). Third party access (TPA) in district heating networks
is not implemented to the saragtentas for electricity and gas networks in nearly all countries. However, TPA
is currently being discussed moimensively and some countries (e.g. Lithuania) have implemented first
regulations, which include an obligatitm connect renewables. Apart frohig, the support frameworks also
differ extensively and range from almost sgpport to comprehensive funding programs for infrastructure
development and the integration of renewablergies. Overall, the review shows that there are both very specific
aswell as very broad approaches towatdddrict heating regulation. Which of these approaches is more effective
needs further investigation.
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SUMMARY

Space andvater heating accounts for almost one third of the s final energy consumption. However, s

far there arstill openquestionsegardinghe impact of different decarbonisation strategies on the overall system

as a whole and about most favourableatlecnisation pathways. This paper presents alternative decarbonisation
pathways for space and water heating in the2ZWy 205Cconsideringhe interaction with the upstream supply
sector.The studycontributes to a better understariglg of long-term perspctives and related costs of different
technology and policy choices. Following -regret strategies werderived (1) a high level of building
renovation, leading to about 45% reduction of final energy demand, (2) a high diffusion of heat pumpsend distri
heating in suitable areas and (3) at least a partial if not complete phase out of gas for space and water heatin
should be prepared. Based on the scenario modelling work, recommendations for policy design were developed

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

INTRODUCTION

For decarbonising the space and water heating sector, there are different possible decarbonisation pathways wit
different technology mixes and different levels of building renovatiortoWw, 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 quessiohthis papeiare What are favourable and less favourable decarbonisation
pathways of space and water heating for the2ZUby 2050 in terms of overall primary energy consumption,
costs, barriers and policy implications, taking into account the impact of the heating sdbtogerall energy
system? What are robust strategies andegoet 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 angsis of barriers and related policy implications. In this way we intend to contribute to the discussion
of the required immediate, shoand midterm steps for the transition of this sector.

The paper develops a series of technolfugyised decarbonisah pathways to better understand the toergn
perspectives and related costs by 2050: A direct-RE8enario (focusing on a balanced mix of individual heat
pumps, biomass boilers and solar), an electrification scenario, one scenario focusinglsaral another one

on hydrogen and finally a district heating scenario. Subsequently, we carried out a comparative assessment an
derived a "bestase" scenario. These scenarios are compared to a baseline scenario, based on existing policies
not achieving fli decarbonisation.

The study focuses on heat consumption in buildings and covers space heating and the supply of sanitary ho
water. It is based on the project iRenewabl e Spac
ENER/C1/20184 9 4 0 darded ougfor the European Commission, DG EN@Ranzl et al., 2021)

METHOD
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For the development of the scenarios described above we applied and linked three models: the optimisation base
building stock model Invert/Opt, the energy system optimization model Enertile and thagsdistrict 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 relevancaimecengy carriers

in supplying space and water heating to buildings, including constraints regarding their potential. Within these
constraints, an algorithm identifies the eoghimal constellation of the use of energy carriers and technologies

in different parts of the building stock and the emgtimal renovation level3he 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 solutids 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 bgatargs in the H&cenario.

This leads to scenarios, which are not considered as extreme scenarios but rather realistic implementations o
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 andfd@/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 eleicity, H2 and efuels 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 framewarmtkions, 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 ofFigure 1 shows theshare of heated floor area by energy carrfethe main heating systeéin
resulting from the scenario specifications (technology diffusion restrictions) and the optimization approach. In
the right part of the same figure we shioow these results translate ifiteal energy demand for space and water
heating by energy carrier in residential and tertiary buildirygsnergy carrier in thewhile 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 shoigher 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 eneitygy);eduction accounts to more than 70% in the
electrification scenariocComparing 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 demantbvsemtian on

the heated floor area. This can be explainethbyifferent level of variable energy costs of the heating systems
which corresponds to different economic incentivearry out deep renovation and install solar energy varies.

In particula, this is visible for the case of thefuels 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 uséthese 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 energgssdartoever 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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{¥) In the building sector, the mix of all measures (building envelope and heating systems)] is optimised under minimization of e cpcle
costs. The table indicates the constraints {upper and lower boundary) for this optimisation, a5 share of the heated floor area in the total |
building stock which can (or nesds to) be covered by a certsin technalogy. In addition, for biomass systems, an overall resourcs constraing
i5 appied.

1 Im the district hesting scenaria, we assure 3 higher biormass allocstion for district hesting and a lower alioestion of individual bicmiass
heating, compared to the other scensnos. The setiings ars defined in a way to result in total in a similar biomaszs constraint as in the direc
RES-H scenanio.

Table 1:0Overview of scenario settings
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IMPLICATIONS ON THE UPSTREAM SUPPLY SECTOR

The nonrheating 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 (electricigralficdeynand

for heating applications both in houses and heat grids, which includes electric heaters, heat pumps and othel
technologies. The electricity demand required to produce hydrogengemslvehich varies accordingly to the
demand of these fuels 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 EREStscenario shows the lowest demand with 5942
TWh. Thee is an increase in the share of total electricity demand frev3®in 2030 to 36%38% in 2050,
reflecting the larger share of heat pumps as well as the electricity for hydrogefuatel@oduction. The best

case scenario has three times the demankdat 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 scenario®5htleading to a
GHG-neutral system. In the ERJ7, 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 beingnstalled 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 proces
reduces its use.

Regarding district heatingupply in the ELR7, the technology mix changes profoundly from today (dominance

of natural gas) to 2050 when a GHh@utral mix is achieved in aflecarbonisatioscenarios. Large heat pumps
become the single most important technology (its share in beataion ranges between 56 and 65 % across
scenarios) and are complemented by solar thermal, geothermal, biomass (boilers and CHP), electric heater a
well as hydrogen. Clear differences between the scenarios exist. The overall highest demand iseoiosirabl

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 capacitiedsa reflect this. Large heat pumps are dominating the park of technologies and are
complemented by gas boilers (fuelled with GiH&utral gases in 2050), electric heaters and hydrogen boilers.
For the latter two technologies, a clear backup role in hedg gain be identified.
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FAGURE3. SUPPLY AND DEMAND OfFEBELS AND HYDROGENROB0,2040AND2050PER SCENARIO

As per scenario outline;gas and hydrogen demand and supply are central to the energy system in 2050. Their
demand varies across the scenarios anthturally highest in the-feels 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 thefuels scenario (where the share of demand ffwrets is higher than for
hydrogen) and the hydrogen scenario (vice versa). Baikle and hydrogen are mostly produced locally{EU

27) and complemented by impdrt$he share of locally produced hydrogen is higher than thafusig (import

quotas a& 16% and 23% respectively for most scenarios) and generation reaches values around 530 TWh (e
fuels) and 600 TWh (hydrogen) in 2050.

5i mport prices in 2050 are assumed t-fuelsbhe 8004/ MWh for hy
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TOTAL COSTS
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FGURH. ADDITIONAL SYSTEM COSTS COMPARED TO THE BASELINE,S0BRARIO

Figure 4shows totakystem costglivided in the main categories of capital costs anehing 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 highes
single cost component (as cost savings compared to the baselineiggenais 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 replacemeof natural gas by H2 andgases, costs are shifted from the building sector to the
upstream supply sector. While the costs of generating H2-gases are accounted in the upstream supply sector,

the costs e.g. for biogas fed into the gas grid isastdounted 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 byused and which are halready covered in the
upstream supply sector (i.e. generation costs of electricity, district heating, HZwld)eThis also includes

costs for retail services and distribution of energy carriers. Taxes are considered as tramsémtpayd thus

are excluded.

The efuel scenario and the district heating scenario lead to the highest overall agedify the duel

scenario, the reduction in running costs for individual heating systems are to a large extent compensated by the
costs of importig efuels, H2 as well as the capital costs for electricity generation. For the district heating
scenario, there are uncertainties regarding the capital costs for district heatin@lgridiectrification scenario

leads to the overall lowest costs. Thensiderable 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 thscenarios H2 and direct RES, with very similar costs. A considerable uncertainty results from
the assumed i mport price for hydrogen of 80 0/ MWh
by 50% (or assuming that the generation of H2 awitthe EU27 would lead to a corresponding additional costs)
would mean that the H2 scenario would show the highest costs, followed bjugieseenario.
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BARRIERS AND POLICY ANALYSIS

The deployment of théecarbonisation optiordiscussed above faca$ieterogeneous set of barriers

1

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 ownersuseend
equipment as well as irdstructure investments (e.g. district heating grids). Economic barriers during the
usephase are predominant particularly for the electrification pathway (low prices for fossil fuels as
compared to electricity) as well as for the hydrogen ahuels pathvays.

Barriers related to technology maturity occur where the required decarbonisation technologies are not
fully developed. Such barriers are particularly pronounced in the (green) hydrogefuateddpathways,

where largescale production, distributioand 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 cesfficient and fast deployment of energy efficiency in Loig.
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 wéil @sntinuously control the efficient operation

are needed for larggcale 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 andfeels 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 purepfiy}chave a low
market share. In district heating, the lack of market maturity for dscgte renewable heat production
poses a barrier in most EU MS.

The impact on the electricity systemis a barrier in all decarbonisation pathways relying on heat
prodiction that involves electricity consumption. This includes decentralised heat pumpsscaleye
heat pumps for district heating as well as hydrogen aiugls. At the same time, these technologies
provide also benefits in form of flexibility options ftire electricity system.

Resource availabilityis a barrier in most pathways and covers the availability of the energy carriers
(particularlyfor biomasshydrogen and-éuels), the availability of heat sources (particularly pronounced
for geothermal instidtions as well as watesource heat pumps) and the availability of space (particularly
strong barrier for largscale solar thermal as well as RESnstallations).

Regulatory barriers and licensingare particularly pronounced for technologies with cutyelow
deployment, where codes and standards as well as licencing procedures have not yet been developel
(particularly for hydrogen). Regulatory barriers are also relevant for the deployment of -gonund

heat pumps as well as the use of the soil oiifaxg for heat storage. For district heating, regulatory
barriers include the planning and licensing for heat production facilities as well apdltiydaccess

The suitability of the building stock poses a barrier for the deployment of most renewsdalténg
technologies: For heat pumps as well as for fR&Sed district heating, an efficient deployment requires
low-temperature heating systems. For solar thermal installations, rooftops may be unsuitable for the
installation. For hydrogen andfeels, d 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 admesapital, 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 comptsnand 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 objectivén order to address the economic barriers, economic policy insttsisigh as
subsidies and preferential loans as well as energy and carbon fa@iiitgte an affordable transition and provide

40

2 INTERNATIONAL 05 - 07 April 2022
SUSTAINABLE ENERGY Congress Graz
CONFERENCE 2022 Austria



a level playing field for renewable technologies. To support market and technological maturity and to address
regulatory barries, 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 le@dministrationsAs 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 expansioisatioad and
decommissioning of such infrastructures.

CONCLUSIONS

Overall, it turns out that the model applietuels and hydrogen very close to the minimum boundaries defined.
This is an indication that these energy carriers and heat provided byetiheg)y 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 drdindary
heat pumps gain major shares in all scenarios. Biomass heating systems tend to be economically viable under th
considered modelling and scenario assumptions towards climate neutrality. Here, the biomass potential
restrictions and the underlying asqutions regarding more relevant use of biomass potentials in othersend
sectors are the main constraints limiting a further deployment of bidmaassl heating. The economic viability

of district heating in the model varies between countries and refaedo 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 antthe overall system are optimised (as assumed istody) the costs, in particular for the scenarios
hydrogen, direct RES, district heating arfliels do not deliver a clear criteria for a decision. More relevant are

the barriers and policy implicatiofisr the decision for one or the other pathway. Second, some measures can be
regarded as nmegret 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 areased#¥er, even in the H2 anebjas scenario parts

of the gas grid would need to be decommissioned, because there would be more economic decarbonisatior
solutions. Thus, at least a partial if not complete phase out of gas for space and water heating prendadal.

Third, the best case scenairicesulting in the lowest costis close to the electrification scenario, however, with
slightly higher penetration of solar heat and district heating.

The most effective way of aligning investmentsinlding 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 incantiibe 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 neked to coordinate the expansion, modernisation and decommissioning of such infrastructures.
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SUMMARY

The Renewable Energyi recti ve (EU) 2018/ 2001 (RED I1) Iists
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 madewee en O0r enewabl e heatf an:i
they are mentioned in parallel, and (iii) what sktterm and longerm effects this distinction implies on the use

of waste heat in energy cooperation. The first conclusion of the paper is that thdiaisigi@appropriate.
However, second, the use of waste heat from fossil processes is thus not only subject to the risk of proces:
modification (switch to renewables), but also to the political risk ofedimibility for meeting the targets of RED

Il 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 carbereutral, and C@emissionss houl d be attri but euds edx cliusei.y
industrial processes, and their conversion should be the goal of policy measures.

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

INTRODUCTION

The Rerwable 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 Il therefore directly addresses the heating
sector in Articles 23 and 24. In order to aclkei¢hie longterm 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 poiimsityeaeporting 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 abowmentioned periods if Member States decide to take waste heat into account. Waste heat
can ony 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 significantridisheating 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 me
choose not to use waste heat to reach the district heating targets. Thecoedddre 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 Il provides several instruments o
how to achieve the increase. These include policy measures, e.g., fiscal measures or other financial incentives
on which an introduction of a natiahCQ, tax on the heat market (nd&TS sector) and appropriate support
schemes to increase the share of renewable heat could be based on (AFGW 2020).

Article 24 RED Il is dedicated to district heating. It focuses on the great potential for decarbonisatiam throug
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 mewable 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 he
or cold is not subject to a cap, which means the totahgeeannual increase of one percentage point can
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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 connectpmethase heat from renewable energy sources and waste heat
and cold from thireparty suppliers on the basis of rdiscriminatory criteria) (Option 2).

A sustainable energy system uses only renewable primary energy sources and applies them in-afficgentrce
manner (Béhm 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
straightforward measure to ie@se 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 RE
Il also aims at a sustainable energy system. The directive memRIBS 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/includasdwESe heat,

i ke, just foneexmmpl|l peatie! womat dé be. These two o0f
congruent nor exclusive within Article 24 (4). Legally, there is no differentiation within the definition of waste
heat in terms of the rpsctive 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 andmuess them in a
resourceefficient manner (Bohm et al. 2021). We assume that the RED Il aims to achieve a sustainable energy
system. The aim of the paper is to analysst,fwhether 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 Il. The second aim of peg {gato classify these findings and the
RED I 1dé6ds handling of waste heat and its Ilikely pt
projects, including the implicit consequences for the use of waste heat from fossil processes. fibifdsda

basic economic theory perspective, taking into account statements from previous work (Holzleither & Moser
2020, Moser & Lassacher 2020, Moser et al. 2020).

LEGAL ANALYSIS OF DEFINITIONS

As shown above, the RED Il mentions RES and waste heaptes® for covering the heat requirement.
Therefore, a precise, understandable definition of the term is absolutely necessary to ensure that the allocation t
the corresponding energy flows in a specific project is correct: based on the legal defmitienheat to be
categorized as waste heat, RES or can the heat not be allocated due to the complex definitions? For this reaso!
it is important at the beginning of this analysis to understand what the European Legislator understands by the

terms HAreereenvealgi esd0 and fAwaste heato. Rel evant def
below.

TABLEL: OVERVIEW OF RESPECTIVE DEFINITIONS REDHR

Article 2 (1) 06ene| meansenergyfromrenewable Aossil sources, namely wind, solar
sourceso® or oOr ene w|(solarthermal and solar photovoltaic) and geothermal energy, ambie
energy, tide, wave and other ocean energy, hydropower, biomass, la
gas, sewage treatment plant gas, and biogas

Article 2 (9)I dbdva s| means unavoidable heat or cold generated gedyuct in industrial or
power generation installations, or in the tertiary sector, which would k
dissipated unused in air or water without access to a district heating
cooling system, where a cogertén process has been used or will be
used or where cogeneration is not feasible

Article 2 (2) 06amb| meansnaturally occurring thermal energy and energy accumulated it
environment with constrained boundaries, which can be stored in the
ambeent 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 compséilenat 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. unavoidabé heat or cold that is

2. generated as a froduct 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 refertbe 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., eReassresidual 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 IlI; howeverefass 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 Aunavoidabl ed heat .ctiveAEWoOTr di |
2018/ 2002 (EED), it can be concluded that fAunavoid
to reduce waste heat have been exhausted. The technical and economic feasibility of applying these energy
efficiency options must banalysed.

An unavoidable waste heat stream is one that cannot be recovered within the same process or plant. The technic
and economic feasibility of applying energy effici
measures must be plemented first.

Therefore, the relevant provisions of the EED and RED Il require that all reasonable energy efficiency measures
should be applied first. Before edfte use can be considered, the technical and economic feasibility of applying
energy effitency options and erite 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 affehe 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 hegilisatioamf the Energy Efficiency

First principle.

WASTE HEAT AS A BY-PRODUCT

The next essential criterion for waste heat is its occurrence agradhyct within a process. According to Recital

117 RED ll, it can be concluded that-pgoducts are defirteby the fact that they are not the primary objective

of the production -prodestso Wictclhirdi Agliiy¢!l éb® No. 9
was not intentionally generatédhe generation of energy in the form of waste heat ish®bbjective of the
process. The generation of waste heat must not be the main purpose of the process (JRL 2021, 7). Here th
guestion arises, to what extent heat is goitmduct in a CHP (combined heat and power) plant. A plant designed

for co-generatiorshall not produce heat as a-fmoduct. However, based on current power market prices and

| ocal heat availability, a distinlcad®ndrad®eoalti n d et
plant could be decisive for the (ngfulfilment 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 I Annex 5 | it C Z 16, heat from
thath@at i s Aproduced in a CHP process to meet an ec
However, the Directive does not assign the term AL
thus it i s not chearowbhamnhbkbe tbust @dsebdbwhrds t he

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 industsiaglgetricity 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 Il as to whether they fall undex tmeef th
categories of plants.

In Austria, however, this can be concluded from some materials, for example in the adopted amendment to the
gover nment bill 733, where it is written in chapt
accordng to 8 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 powel
system. " And also, in the explanationghe adopted amendment to the Umweltférderungsgesetz 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 definitiono
i ncompr e hwithost adodssetd a disfiict heating or cooling system, where a cogeneration process has
been used or will be used or where cogeneration is not feasiblel n or der to under st an
it needs to be split up:

Heat fulfilling the conditions of being (1) unavoidable, (2) unintended (i.e-pipguct) and (3) otherwise
disposed, is waste heat by RED Il 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 naccess 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. thereis 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 b
weighed by legislation? The answer to the first question is simple: While fodsitaewable energy are to be
viewed separately, unavoidable/unintended/elsewise disposed waste heat can occur from both, processes wit
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original fossil and RES input. Thus, waste heat and RES are not the same and distinguishing between them is
appropriateAccordingly, the RED Il 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 renella 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 abovdl) a&s kmewn 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.

RENEWABLE ENERG FOSSIL ENERGY
Renewable Fossil
energy energy
iInput input

Waste heat||| Waste heat
from RES from fossil
process process

RECOVERED WASTE HEAT NEW ENERGY INPUT

HGUREL: FOUR POSSIBLE SOURCES OF DISTRICT HEATING HEASORURGERNERGIEINSTITUT AN RHRULIND)

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 theimpim as, obviously, using waste heat from processes with RES input

is the longterm 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 processeawer 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 fuekswitch fossil processes, causing acatled lockin effect. However, most dhe 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 systenossil 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
temperaure energy demand should be supplied bytemperature sources like waste heat, as a cascaded
and exergyoriented use increases primary energy efficiency. dgdlity RES should supply high
quality needs. Despite of that, using RES for heating is aitiefitep towards carbon neutrality and can
be chosen if RES are available at low costs and do not underminguatity usage.

Based on this qualitative illustration, it is not clear whether direct renewable energy input or waste heat from

existing fos8 processes should be given preference. Therefore, we consider the approach of the RED Il to

mention RES and waste heat them in parallel to be appropriate.

THE PREFERENCE OF RED Il 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 come
from biomass, renewable elecity, 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
contributons.
12. Furthermore, there are percentage requirements in the RED Il, 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 Il towards RES which impliesntiatr (8eates can
exceed the requirements of the RED Il in their national implementation and that there is a certain probability that
amendments of the RED Il put even higher preference to RES. While waste heat from RES is probably not
affected (itisalsops i ti oned in the | eft fArenewable columno i
for the use of waste heat from fossil processes. The use of waste heat from fossil processes is not only subject t
the fAusual 0 ri sk ddg., Wwhen swighing to RES3 buthmovdaisd to (@) asdigibilitynfor
meeting the national targets of RED Il 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 decidéiavor of RES, fcet e
risk of noneligibility remains, the aversion to waste heat from fossil processes increases and it will remain
unused. We identify essential problems arising from impendingehgibility: There are industrial @6 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 notffect waste heat amounts, in other cases process modification will be complicated (e.g.,
hydrogen steel making) but companies will remairsite@ and will still show waste heat flows (maybe other
volumes, temperatures, profiles). However, as these coeguae not connected todague to the risks derived
from RED IlI'T 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 caithplizgendirective.
Then, the integration of waste heat (thenitheBaR&S wa
ones as today (economic feasibility, trust, backup issues, etc.).

INCOMPREHENSIBLE DEFINITION

The above subsection explaigs 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, buRE® Il 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 wastsatan. If one

of the parameters listed above is not clearly identifiable, the heat used may not be counted as waste heat accordin
to Article 2 no. 9 and subsequently not be counted towards the targets according to Article 23RER4Iof

13. First,and already elaborated above, the definition leaves open if heat from CHP is accountable as waste
heat, due to not being adpyoduct fromcogeneration from a technical perspective.

14. Second, the definitionds s e c()whdtthpse adtitionahpovisoiass e s
aim for, (i) what their added value to the point8 1s and (iii) and whom they support or restrict.
Moreover, the additions do not appear arguabl e

Some expesgtidentify a support for CHP, but pointta suggest that a plantds
if DHC system doeasea CHP (points a, b, ¢), which is to be substituted. While CHP sustain a high level

of exergy through electricity generation, they arfeva percentage points behind a healy 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 g@kéhts

during operation, its residual heat does not count as waste heat; but this cannot be read from the definition.
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EXCURSUS: CONTRADI CTI ONS WI TH AAMBI ENT ENERGYO

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 r
distinction made if the wastewater 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 pipe
or a wastewater treatment plant. Naturally, wastewater is mainly fourdcities and conurbations and thus
potentially usable in district heating. Based on the definition of waste heat in the RED Il, one could argue that at
least the share of wastewater heat that isjgrogluct of industry or the service sector should bsidened waste

heat. However, there seems to be no easy way to calculate the shares of wastewater from the household sect
and other sectors once they have been combined in wastewater pipes (JRC 2021, 20).

Industrial and power plant cooling systems eittispose 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 andtsaktated by the discharge

of industrial waste heat (Jouhara 2010, 18). RED Il recognises heat pumps as renewable energy technologie:
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 imot 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 ai
differently from ambient air. (EVIA 2017).

Accordingly, the directig 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 apgreaeiiy
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 heataste heat at all and can be counted towards the targets of the RED

[l. 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 exaanmbient 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 Il but it does not
count towads 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 exergfficient piovision of DHC with waste heat that comes from a process originally
supplied with RES. (i) When DHC systems only switc¢
heat is likely to remain unused, and it is likely that also the waste hegpfoossses 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 modifiCatienwaste hefitom 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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AMMONIA RECOVERY FROM LIQUID WASTE STREAMS BY MEANS OF
VACUUM-MEMBRANE DISTILLATION AND ITS USE AS AN ENERGY
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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 eréifjfrdnsformed into

NHs (gas). NH 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 source)laggdapable

of recovering it in the form of a gaseous stream is preferred. Within the project "Amtaonia
Power" the technology vacuum membrane distillation (VMD) was developed and assessed for
ammonia gas extraction from different waste stream souildes.project has explored the
potential of using the Nitecovered 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 restale plahfor two specific applications (The Sewage treatment plant

of the city of Gleisdorf and the ASFINAG Motorway rest stop Lal3nitzhdhe) has been performed.

Additionally, a second project together with BOKU (Ammonia2HeatStorage) explored to a
prototype levelthe possibility of using of the VMD recovered bbs reducing agent in a CLC
system for longerm 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. Hoeeueing

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 rectreened

waste NH via VMD.

This work will show the main outcomes bbth 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 temperatut@° 30

Applied at a communal waste tea treatment plant of Gleisdorf (50,000 p.e), such VMD
extraction technology could serve a modular 10 I8®FC system to generate ~245 Kydh

Future optimization is currently researched to reach highest possible ammonia concentrations in
the product str@m. 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 dersityof

39 kWh/m?3 with NH; and 125«Wh/m3 at 600°C when oxidized with air.

Keywords:Ammonig Liquid Waste Streams; Vacuum Membrane Distillation; Solid Oxide Fuel
Cell, Chemical Loop Combustion.
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AGRO-INDUSTRIAL ZERO EMISSIONS SYSTEMS
POWERED BY RENEWABLE ENERGIES

Hans SchnitzérLe Thanhda?
!StadtLABOR; Griesgasse 40, 8020 Graz, Austria
2vietnam National University, Hdhi Minh City Vietnam
EMail: hans.schnitzer@stadtlaborgraz.at

SUMMARY

Certain ural areas in the Mekong Delta in Vietham do not have access to modern infrastructure, but they have
plenty of biomass and sunshine. In our projectgeaerated agrindustrial systems that generate a circular
economy in small village Background to the case studies is a mathematical model that allows the calculation of
mass and energy flows in the Agadustrial Zero Emission Systems (AIZES), the economic parameters and the
impact on the environment. The model allows the design oédlogcles and useful cascades.

The paper describes the approadth six different small scale agindustrial systemand resultsegarding the
environmental and economic impact.

Key-words: Zero emission system, small scale agdoistry, Vietnam, matimeatical 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.ahviigige
will produce either grass mats or rice starch, flowers, fish, seafoadconut products, etc.

Infrastructure in the Mekong Delta is poorly developed. The roads and bridges are often only suitable for single
lane vehiclesthere is nocomprelensive water supply . There are hardly any sewage systems, and the power
supply is often based on small diesel generators serving a village or single famiifieé/hile there is both
abundant biomass and water, the latter is mostly heavily pollutecbabdackishMost significant aréothlack

of awareness (low educational level, including insufficient knowhow on serious environmental impacts from
dangerous pollutants) and high constructionsfostwaste treatment facilitigh.e Than Hai, et al. 2@).

The solutionfor this environmental and societal problésncalled Agrelndustrial Zero Emissions Systerms
AIZES. This structural prerequisite provides a good basiegtablishing local emissioiiree circulareconomy

driven by renewable energiézor 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 intwtional 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/livestotkitarm.
approach brings benefits such as increase of harvesting capacity, soil remediation, reduction of fertilizer costs
and reduction in feed needed fanimals (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 froprdoedsing for
feeding at livestock farms, which helps to reduce feeding chis¢ésmain components which are usually seen in
the system at a household in craft villages in Vietham, especidhg Mekong delta, are the house (for living),

a workshopfor performing acratft), a pond (with or without fish), a garden for crops, a breeding facility (livestock
farm) and a rice field (cultivation{lL,e Than Hai, et al. 2016Yhere are several types of ponds as garden ditch,
irrigation canal, fishing pond, natal pond having floating plants or a canebrake pbifferent types of gardens
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may occur, like fruit farming garden, vegetable/flowers garden, empty land or not cultivated grassiarchl A
household consists of house, vegetable garden, green tréesbegeding area of 400nfurther, wastes from
livestock farms are partly split for composting reducing pollutantstimacstewater treatment plants arehce
minimizing ther necessarygapacity and, therefore, the construction costs for biogas plants. Wastes converted
into compost fertilimg crops and feed earthwormBheutilization of food waste for pig feeding contributes to
increased household income of the craft villages in rameds. Additionally, anaerobic technique coupling to
available natural wetlands lower operation costs for wastewater treatment systemmadel developed consists

in the following modules:

1 Household (family sizenterprisg

1 Pig breedindgfor family income)

1 Cattle stabldéfor family incom@

1 Garden or fieldfor family incomeg

1 Fishpondor seafood farmingfor family incomg

1 Specific production processes, such as production of rice starch, rice paper, coconut jelly, grass mats, ...
(for family incomeg

1 Constucted wetlands for water purificatigimfrastructure)

9 Activated carbon filter for water purificatigimfrastructure)

1 Biogas plant to produce gas and fertiligier own use only)

1 PV system for energy supplfor own use only)

1 Biomass combustion for heamdcooking(both for the business and the household)

T Composting plantéor own use)

1 Earthworm breeding (generation of soil and chicken;fesdbwn use only

Input/output relations are known for these modules and are connected in the model by anatenalgy flows.
Investment and operating cost as well as the respective energy demands for each unit are estaliished.
modelling individual units are linked from a systems point of view, which is used to calculate energy, material
and monetary flow.

Fig. 1shows the design of such a system and the relations between the elements. The maximum structure is givel
by the following streams:

1 organic waste from the workshops makes food for poultry, pigs, etc.

2 products are shipped to markets andgsa€consunption,

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 frahe households led to central wastewater treatment plant;

6 wadewaterfrom thebiogas tank is ldto the central wastewater treatment plant,

7 wastewater after treatment is discharged into the pond;

8 watefrompond f or watering plants, garden ¢é;
9 manures discharged to biogas tank;

10 biogas used for the household,;

11 sludge generated from biogas after dredgimes to the compaqst
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12 pig manure residues are used for composting,

13 biogas used as fuel for production

14 less pollutedvaste waterd.g. fromwa s hi n g ledéogentsal wagtewater treatment plant;
15 organic domestic waste used for composting;

16 inorganic waste, scraps will be collected and processed;

17 manure made from earthworm that have higher levels of ants used as fertilizer;

18 compost used to fertilize plants;

19 compost used to feed the earthworm

(W)
Earth worm
farm (C)
(19) (18) l
| Crop (V) \

A

Biogas plant

®) Live stock farm

©

i ®3)

| Pond (A)
(14)

1)

az) i3

(10

Compost
plant (B)

© ﬂ) collection
Sy stem (7)
(O}

A 4
L5 | Wastewater

House (N) 1 3) treatment

“ | plant(T)

FIGUREL: CLOSED ECOLOGICAL MODEL ROBUCTION HOUSEHOLDS IN THE VILLAGESMEREEAELTA

The wokshop can be split into several productionsstémeededFigure2 shows an example of the scheme of
rice paper production (Le Thanh Hai et al. 2020)
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HGURRE2: SYSTEM OMODULE$ORTHEPRODUCTION OF RICE PAPER

On the basics ofjoal programmingthe team developedn integetprogramming model fothe selectionof
CleanerProduction optiors in case of multi-innovation objects and muléilternative scenarios. With the
constraints given, the model defines which objects, and which alternatives can be used fooimimwdgiain
the optimal objectivéThanh 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 underlipetthial 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 obinflicator
resource efficiency in a sustainable agriculiiNguyen Thi Thu Thaet al 2020)

RENEWABLE ENERGY IN AGRO-INDUSTRIAL ZERO EMISSION SYSTEMS

Although Vietnam is a&ountry n the hot region, the ratio of renewables in the national energy supply.is low
Coal and gas account for about 70% of the national consurhpRenewables are at ~2% and solar less than
1%.

In our project we used renewable forms of energy for the following purposes:
Solid biomasdgor cooking and drying processes

Biogasfor electricity generation and cooking

Solar radiatiorfor drying (outside the rain season)

Photovoltaicfor electricity

Biochar,created by mixing the biomass residtresn workshopswith local plantsand pig sludg, creatinghigh
quality fertilizerandimproving 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

e 05 - 07 April 2022
SUSTAINABLE ENERGY Congress Graz
CONFERENCE 2022 Austria

54



https://ourworldindata.org/energy/country/vietnam

METHODOLOGY AND CASE STUDIES

The team of Prof Hai Le Tharcarried 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 thevith flows. Then basic data were defined. Each module has its typical conversion
data (e.g. amount of excrements per pig, amount o
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 know
and scaled to the actual size. Mass flows are weighted with prizes. So, the economic performance of the systen
could be found.

The model also provis 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 ricevgithroh 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 thersaine

site provide a big challenge in pollution control for this local craft vill@gang et al., 2015)Electricity
consumption during processing is mainly for operation of electrical motors such as grinderapdrsprrer.

Grain grinding needsostof theelectrical 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, butindndjher concentrations of organic, N and P compaunds
Based on the approachestiof model, the main potentials for material flow exchange within the household are
wastes from rice starch processing such as water from rice washing (containing higinfsotlancentration)

and starch residue reused for feeding pidter 6 months of operation, the results show that the model helps to
reduce pollutionand thequality of the wastewater flow after the system meets the environmental standard
required. Addiionally, an increase of the economic benefits for the familyroven. After applyinga flow
separatingnstallationremoving about 80%of pig manure and urine fromhe wastewater flow and reutiliag

starch residues and rice washing water for pig fegdihe concentration of pollutants in input and output
wastewater flows of the treatment system could be decreased. In addition, due to the separation of manure an
urine, the N concentration is reduced significantly. Moreover, this operational modadedatice N more
efficiently compared to the separation of manure @oéyThanh Hai et al. 2016).

SEDGE MATS

The sedge mats craft villages (dyeing, weaving processes, anessaiallivestock farm at the same place) in

the Mekong Delta are the most jpbgr craft villages in Vietham. These craft villages generate typical emissions
such as exhaust gas from burning fuel, wastewater from the sedge mats dyeing and weaving process, wastewat:
from livestock farm, and solid waste. Method%or these craft vilges an ecological system, scalled
VICRAIZES (Vietnam CraftVillages Agrebased Industrial Zero Emission System), has been developed with
the purposeof decreasingollution and enharicg resource efficiency. The proposed ecosystem focused on
measuresieh asabiogas tank (using residue pieces of solid sedge mats from weaving)isgpyals forheating

the dyeing tankas well as awastewater treatment system combining three components: innovative septic tank
featuringupward flow thin bafflesan anaeobic filter compartmenta bio-pond, andhe composting area. The

system was applied for several household craft villagethénDong Thap Province. The results tifis
demonstration system show significant emission decreases: 93 % greenhouse,gasl (CR), 97 % BOD5

in wastewater, around 30 kg/day biodegradable garbage are composted and used as organic fertilizers at th
household needs (which increase family incdip@round 115 million VND/yed), low initial investment and

SCorresponds to ~ U 4.500 in Jan. 2022
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operating cost simple operating procedure, etc., which are favorablevegltlapplicable at the low income
sedge mats dyeing and weaving craft villages in the Mekong Delta area, Vietham, and probably at other
developing countriefThanh Hai Le et a. 2016)

CATFISH FARMING

The purpose of this studyasto investigate the process of waste treatment (wastewater and solid waste) within
an intensive catfish farming aghmsed zero emission integrated system (AZEIS) in which the fish farming,
livestock and cultivation are combihén the same area, as well as the role of this process fonalalrationof

the garden in the same integrated system. The material flow analysis (MFA) technique was used throughout the
study for calculating efficiency of waste treatment processesoamifiversion/accumulation of materials with

the purpose to improve the soil quality for cultivation purmisethe garden. The experimental results showed

that the garden in the system plays an important ra@sorption conversion, uptake, and accuation of the

nutrients from waste flows, and by that way, in effedyivemovng pollutants from waste flows as welh this

system, the wastewater from catfish ponds was treated by using water morning glory, a local aquatic plant, before
being reused ér watering the cultivation plants in the gard&he removakate of Total Organic Carbowas

33.3%, Nitrogen21.7% Phosphorus9.5%and Kalium37.5%. All the solid wastes (sludge from catfish ponds,

cow manure from livestock, and absorbed biochar nadtexere reused as organic fertilizer (compost) and
served as sources of additional nutrients for cultivation of Pennisennon purpusdumsach grass and maize

plants in the garden. Biochar material, which was produced from dried leaves in the gaslersed for
treatment of biogas effluent before using later for watering the garterbtal of wastewater after being treated

and reused for maize plants was 957m of which absorbed water by maize plant was 48.&2anand 9527

m3/ha was evaporatl and accumulated in soil. The Nitrogen absorbed by maize plant was 4?12ngfiihe soil

organic carbon stock in the AZEIS system was 0.19 mg/ha(@rapVan Tung, et al, 2021 affdan Thi Hieu

2020)

SMALL SCALE CATTLE FARMS

The proposed integratddrming system improves agricultural productivity and environmental and sanitation
conditions, minimizes the amount of waste, and increases the family inmoopeto 41.55%. Several waste
types can be recycled and transformed into valuafolducts, such as energy for cooking, organic fertilizer for
crops, and cattle feed for breeding. Wastewater effifeoin the biogas tank can be treated by biochar and
results show that will then meet the standards for irrigation purposes. Also, Eevflow from cattle breeding
supplies enough nutrients to cultivate plants,amddequate amount of feéar the 30 cows living on the farm.

This research shows that tingplementatiorof an integrated farming system coudéch theeroemission goal
Thereby, it provides a sustainable livelihood for cattle breeding family farms. The proposed integrated cattle
breeding and cultivation system improves agricultural productivity, environmeattdnd increases the farmer
incomeby up to 41.55%Le Tharh 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 jellpproducti
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 dg/l). The available wastewater treatment technology for atyghe of wastewater

is likely to be not economicallfeasibledue to the smalcale production at craft villages in the developing
countries. This study developed and demonstrated an irgdgrabmodel 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 showedvan\woiution forthe

family with major benefitdike 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 S@or one production batch), as well additionalbenefis by a reduction of 90 % of
investment and opeiag costs of the wastewater treatment p{alet Thanh Hai et al., 2020b)

SMALL SCALE RICE PAPER PRODUCTION

In this study, we developed and demonstrated an integrated clossegisémm for pollution reduction and
prevention in ricgpaper producing and livestock farms in a srsallle craft village which is in a dry region of
Vietnam with a lack of available sade 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 &
material for absorption. Two operation modes were presented aiming at a&otrgatment of wastewater and
exhaust gases as required by the Viethamese national standards, and the recovery of valuable components in tt
system (N, P) for obtaining valselded products (such as fertilizer, irrigation water, etc.). In addition, the
maximization of potentialg 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 alsoant ri but es to the fAgreeningo of the
Vietnam and is an example for a local closed cycle ecor{bmyhanh Hai et al. 2020c)

PROJECT RESULTS AND CONCLUSIONS

Onssite implementations, which were carried out basethesimulation results, show promising results. On the
one hand, the environmental pollution caused by wastewater and liquid manure decreased, on the other hand, th
use of fossil fuels could be reducdthe calculated values given in chapter 5 could begdly 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 impactslic healthHow to design

and applya 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 coanttiesuld be demonstrated

in the case studies.

Regarding famil es 6 economics t oo, the projects were very
short time and led to an improvement in household budgets. From a-etacremic point of view, in addition

to the savings in fossil fuels, it should be noted thatquality 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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INTEGRATION OF INNOVATIVE TECHNOLOGIES TO DIFFERENT ENERGY INTENSIVE
INDUSTRIES
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SUMMARY

The CONVERGE project is built around the concept of risk mitigation for new technol&giesinnovative
technologies are developed further in this project which can be used in the same pramssillsotbe used in
flowsheets separatelyhe use of theleveloped technologies in ten different energy intensive industrial sectors
is considered in this study6 Jorocesslowsheetsveregenerated and compared to the conventipnatesses
using four key performance indicators to rank the different casesting from a multicriteria approackor all
cases, implementing at least one of the CONVERGE technologies resulted in highrankiRgs, with the
standout cases being: fuel upgrading in the steel industry, cleaning raw product gas from wasteogasificat
reforming in conjunction with solid oxide fuel cells, and reforming pyrolysis gas from biomass pyrolysis.

Keywords: statef-the-art, KPls multicriteria analysis, fuel upgrading, process efficiency

INTRODUCTION

The CONVERGE projediCarbON Valorsation in EneRgeefficient Green fuElgs[1] aims to validate a muki

step process configuration for advanced biodiesel production and takes advantage of innovative technologies,
specifically selected to improve each conversion step required from biomaésdiesel, yielding higher
efficiency and lower cost. In particular, the new process is based on five new technalogies inFigure 1
Furthermore, each of the five technologies can be implemented as-alstamdunction 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.

CH4 + trace H2 : EMM
Oil / Fat
SER o
T AREA EHC ,
T ¥
Waste feedstock Biodiesel
— — - > e e e — ——::—E - > .
MeOH =
MINA Catadytk Wet ofx Trace S Sorgtion ENC MeOM Bioderel ~
Cracker | scrubber,  wrubber; removal | enhinced synthews production
refogming
v
BTX 02

FHGUREL. PROCESS FLOWSHEETEAGNVERGEROJECT AND THE FIVE INNOVATIVE TECHNGGIGTAREASEREHC,
EMM)
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The five innovative CONVERGE technologies are:

1 CCT: Catalytic Cracking of Tar. The CCT reactor convertXOhearbon species from the prodgas
toC-C fractions ( Benz erB&X) ata sirhilardemperatare th th précedimge
gasification step, avoiding exergy destruction. This is done by tuning the catalytic process to the reactor
residence the. By converting the tatheamount of BTXproducedn the process can be doubled.

1 AREA: Aromatics Recovery Apparatus (BTstrubber). The AREA reactor combines the removal of
BTX with the organic sulphur components in one unit operation. Avoids thetogedssurise 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 westable 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%.

i SER:SorptionEnhanceiRe f or mer . The SER combines the-Cremov
containing product gas to H product along wit
high temperature Cafased sorbent together with reforming catalyst. It lowersemperature at which
reforming is performed, and produces a CO st

methanol (MeOH) production. The main advantages of the SER process compared with adding
separation of CO2 to a conventional refornmangcess 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 carbombéndathermic
reforming reaction improves the energy efficiency.

1 EHC.El ectrochemical Hydrogen Compressor. The EHC
stream. The remaining gas is used as a fuel for the other units. The solid state compragdimyen
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 whadtows 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.

T EMM: Enhanced Met hanol Membr ane. Combines thehe ¢
separation of products that inhibit the conver
inhibition products the catalyst for methanol production operates more efficiently as the composition
remains further away from equilibrium. In a@mtional 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 conftifzRion o
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
techndogies can have a positive impact both economically and environmerftalyre summarizes the main
industries in which the five technologies are integrated, along Whiéhpossible (cgproducts. From these
industries, 16 different flowsheets with CONVERGE technologies implementation were generated and
compared to the conventional reference case for each indystxgmples of which is shownkigure, 4 and
5. The list of cases and a short description can be se&alitel.
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FHGURES. CASELS) FLOWSHEET SHOWIKKONVERGEECHNOLOGIES IMPLEMENTATNOASOLID OXIDE FUEL CELL SYSTEM WITH
SORPTION ENHANCED REFORMING UTILIZING FUEL AND AIR TO HEAT THEABRIB)EROWSHEET SHOWIKKONVERGE
TECHNOLOGIES IMPLEMENTAFOR REFORMING AND PURIFICATION OF PYROLYSIS GAS FOROBEURGRADING

For ranking the different cases, a multicriteria approach was selected, using four key performance indicators
(KPIs). The KPIswere selecteth order to give an estimate of the econoamndenvironmental potential, as well

as the challenge of implementimgCONVERGE technology in the different industrial sectors. Each KPI is
measured on a scale of 1 todrf results from a comparison between the conventional process and the case that
implemens the CONVERGE technolags. The four KPIs are:

KPI1: Product Markeé Size measures the overall maeeconomic 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, BT>othaarvaluable
productis produced then this indicates the raw value per tonne produced. The price of raw products
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produced from CONVERGE technologies generally fluctuate daily and can therefore vary significantly
within a year[2-4]

2. Valorisation of new tseams. 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 CONVERGechnologie$2, 5].

4, Size and value of the industry targeted. Indicates the economic potential of the targeted industry sector.
[6-8]

KPI2: Complexity of Implementatioimeasures the complexity of the process systems in each case. When
implementing CONERGE technologies the numbefr process units either increases, decreases or an existing
unitis replaced with CONVERGE technology. In cases where units are replacadded/subtracted complexity

of the process is estimated based on prevailing knowldgach CONVERGE unit has a different complexity,
meaning they are comprised of different-sutits. Those are:

CCT =1 unit
AREA = 2 units
SER = 3 units
EHC =1 unit
EMM = 2 units

=A =4 =4 -4 =

The complexity of a system is inversely proportional to the KPI sooeening a more complex system will
mean a lower KPI score. For most of the cases this srteanconventional industry standard solution will
generally have a higher KPI score than when implementing the CONVERGE technology.

For fluegas and other higbontent CQ streamsemittedin the conventiongbrocessest is assumed that GO
capture is implemented, even though it is generally not currently considered a standard practice for the evaluatec
industries.

KPI3: Circular Economy andenvironmental Impactevaluateghe potential for CONVERGE technology to
positively impact the circular economy for the different industrial sectors and the environment in [§et2}al
The KPIs consist of three different sub categories:

1. The size of tk industry carbon footprint (35%). This is measured in tonngegCemitted per tonne
product produced for cases8112, 13, 15 and in raw material processed for cases 10, 1B, Igke
Tablel)

2. Scale of CONVERGE energy usage compared to industry plant (30%). CONVERGE ¢gotmalre
assumed to be more energy efficient and thus adding value to the considered industries if implemented.
This category initgates 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 ife Cycle Assessment (LCA) impact categories other than the climate
change/greenhouse gas category (kg €@R This was based on initial results from a concurrent
CONVERGE study.

KPI14: Product CO-Reduction Potentialestimates th@otential 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 stétart production methodg, 13-15] and the CONVERGE
technologiesand their subsequent impact on carbon emissions in tonneg@@2lent 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 nelprside&isare
valorised, meaning no production of BTX, MeOlt.e

RESULTS

The calculated KRtankings are shown ifable1. The weight given to the individual KPIs is 30% for KPIs 1

and 2, and 20% for KPIs 3 andréspectively. The KPI rankings for the conventional cases are not included as

they score lower than the cases implementing a CONVERGE technology.

TABLEL. LIST OF CASES EXAMINEBESCRIPTION OF PROCESSZONVERGKEPLEMENTATIOQMS WELL AS THE RESUL KRG

RANKING
Case nr| Description CONVERGE Process KPI
1 Upstream gasification of fuel in cement plant for BTX and clean product| CCT, AREA 6.2
2 Downstream treatment of flue gas in cement plant for production of EHC, EMM 51
methanol.
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 | EHCEMM 51
production.
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 EHC, EMM 4.5
methanol.
8 Utilizing excess methane from-oéfining using steam reforming and EHC, EMM 5.9
sorption enhanced wategasshift (SEWGS) to produce methanol.
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 BTH{ CCT, AREA 6.7
11 Same as case 10 bwith 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 intoydrogen. 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 o SER 6.9
which can be used for upgrading pyrolysis oil.

In addition to the KRkcoreitself, a marked improvement over the conventional cases KPIs (not included) should

also be shown, which precludes cases 12 andHi& standout cases with high KiRinkings (> 6.5) that also
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show a marked increase compared to the conventional processes aré, ddxekt, 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 #tis the mo
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 wadteenergy indusy is quite significant, with the main applications being waste
incineration or digestion in landfills. However, waste incineration is a cartensive process undermining the

efforts to decrease carbon emissions and, thus, to reach carbon neutralitge ©f gasification and/or pyrolysis

are a smaller segment but have been increasing in scale, supporting the transition to a circular economy due tt
the useful potential products. However, at this moment, the commercial application of waste gad#ifation

heat and electricity production (considered the conventional process for this case). In case 10 The product gas i
cleaned using CCT and AREA, producing BTX as gplgduct. As in case 10, in case 11 the product gas is
cleaned using CCT and AREA itmwith BTX as a byproduct. Additionally, SEWGS and EHC units can be
added to use a part of the clean product gas f@raduction of hydrogen. Flowsheets of the process is shown

in Figure 4

Case 15) Here the SER technology is used in conjunction &dtid 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 iRigure 5 For this case, the conventional reference is a combination of theegses:
generation of electricity, hydrogen production and£L@pture, as separate processes (not shown).

Case 1p Similar to gasification, pyrolysis of biomass waste is currently a growing segment of thetavaste
energy market, where useful solid, ligand 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, biomésssvpgsolyzed and the pyrolysis gas is
reformed using SER, producing a hydrogen stream. This stream can be valorised as is or it can be further usec
for upgrading the biwil into bio-naphtha. An example of this process is showrigure.

CONCLUSION

Based on the selected KPI rankings in this study, the implementation of CONVERGE technologies into different
industry sectors score higher than the catie@al processes in all cas@he aim of this study was to narrow
down which industry sectors could benefit from implementing one or more CONVERGE technologies. Based on
the KPHrankings the industries that will benefit from the implementation of the WVERGE 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). Theselected cases will be further evaluated in a detailed technoeconomic analysis within the
CONVERGE project.
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POTENTIAL OF MEMBRANE PROCESSES IN THE CONCEPT OF LIGNOCELLULOSE
BIOREFINERIES

Prof Dr Frank Lipnizkj Dr Johan Thuvander, Dr Gregor Rudolph, Mariona Battestini Vives und Dr Bagaldsiny
Department of Chemic&ngineering, Lund University
Lund, Box 124, SE221 00, Sweden
Phone: +46 70 543 86 63
E-Mail: frank.lipnizki@chemeng.lth.se

SUMMARY

The pulp and paper industry is one of the key industrial sectors worldwide and is a cornerstone for conversion
toward a future bigeconomy in particular as lignocellulosic biefineries. In this presentation, the potential of
pressuredriven membrane presses microfiltration, ultrafiltration and nanofiltration 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 cleamirige 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 inambindustries 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 adfiggvautp 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
wasewater from thermanechanical 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 segaa 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 ligmd 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»racted from the black liquor and used as biofuels in the form ebibidhe
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 coglihemicals.

SULPHITE PULPING

The final application study shows the use of ultrafiltration as 4 pregosttreatment step in the separation of
hemicelluloses and lignosulfonates from spent sulphite liquors. Due to the narrow mehasiglrdiffererce
between the components in the wasgjaors, processes such as antisolvent precipitation and adsorption are
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primarily used for the separation and isolation of said comportéatgever, to streamline the process in terms

of cost efficiency, a concentrati 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 ofsaftent, 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 providescamprehensive insight into the processes leading to membrane fouling. Based on
this, membrane cleaning strategies were developed and successfully testad-tBeedet analytical techniques,
together with advanced analytical methods such as synchratt@tion Xray tomography and smaingle %

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 filggaeriignocellulosic biorefineries.

In this presentation, the potential of the presslireen membrane processemicrofiltration, ultrafiltration and
nanofiltration- has been studied for three different pulping processes. The focus was on treatiahoof
underutilised side streams to generate high valuabfgdjucts. Furthermore, membrane fouling, and cleaning

was studied with regard to membrane applications in lignocellulosic biorefineries. Usingfatatart
analytical techniques new imgs in membrane fouling and cleaning were generated to improve the sustainability
and economy of membrane processes. This combined with investigations on the emerging membrane processe
such as membrane distillation, forward osmosis, electrodialysis awdppeation will further support the
conversion of this industry to biorefineries.
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BIOLPG: SUSTAINABLE OFF-GRID SPACE AND WATER HEATING FOR DIFFICULT TO
DECARBONISE BUILDINGS

Dr Keith Simons
SHV Energy
Taurusavenue 1#¥oofddorp, The Netherlands
Phone: +31 6 83 294 003
E-Mail:keith.simons@shvenergy.com

SUMMARY

BioLPG, a dropin replacement for traditional LPG can be used to provide for a-spadevatetheating solution

in rural and offgrid properties which would otheise 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 em{d&nand PM25s) are low,
ensuring good air quality. As such, the behavieahainge challenge shifts from the consumer and distributor to
hat of the upstream suppthains which must find new innovative ways to manufacture a sustainable fuel,
exploiting sstainable and lovearbon feedstocks such as biomass, agricutuesidential and industrialwaste
products. This leads to the development of new potential siwppiys, often supported by exploiting the benefits

of sectorcoupling.

Key-words: bioLPGgdecarbonisation; biomass; waste; diofuel; 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% ofignaalitions comes from heating oil and coal,

both of which are slowly being phasedr or banned by national governments keen to decrease carbon emissions
concomitantly with improvements in air quality Although electricitybased space and water hegtsolutions

such as solar (thermal) and heamps are a viable lower carbon option for modern homes, they are net a one
size fits all solution for all homes due to constraints imposed by poor energy efficiency, electric grid capacity
constraints. These kiions 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 ¢
barrier to deployment. All of these factors and associated aestisproportionately 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 arbajog a
contributor to improving the quality of life

BioLPG is a drogn 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 infrastractdralso allows
utilisation of existing domestic space and water heating apparatus. Depending upon the renewable feedstocks
used, net emissions of G€an be reduced by upto 80% without compromise on performance. Being chemically
equivalent to traditioal LPG, emissions of NOx and PM25s remain very low, ensuring a decarbonised solution
also affords good air quality

The fuel was first introduced into Europe in 2018 by SHV Energy via its national businesses in the UK, Ireland,
Benelux, France, Germanya Scandinavia. Currently bioLPG is commercially supplied as@rdgyuct from

the manufacture of renewable diesel and sustainable aviation fuel from a variety of virgin and recovered fats and
vegetable oils in the stalled HYO/HEFA processAs it is a dop-in replacement for traditional LPG it is can

be transported using the existing supply and distribution logistics of the com@angjor cost saving which

I'ts | aunch was the first step in SHV Energiesdé amb

of energy products can become increasingly renewable. This has led to the implementation of a major Researct

and Development programme exphgy 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 companyds bold ambitions for
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These developments are ung@mned by cooperation with feedstock providers, technology suppliers,
certification and policy bodies to ensure thatbased gas innovation continues to prosper as well as complying
with officially recognised ethical and ldfuse criteria.

RESEARCH AND DEVELOPMENT

This talk will provide a critical review of the stapé-the-art for bioLPG manufactuséand 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 teclemonomic challenges of conversion of abundant and sustainable feedstocks.
The talkwill explore the investigation of both catalytic and rxatalytic 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 ioast In addition to conventional biomass sources, the
potential and the ability of other carbonont ai ni ng fAwasteo feedstocks, su
and municipal solid waste (MSW) will be described. In addition, the potential of mayrédion and speculative
solutions, such as Carbon Capture and Utilisation and biological conversion will be explored.
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DEVELOPMENT OF AN AIR-SOURCE MINI-SPLIT HEAT PUMP FOR DOMESTIC HOT
WATER BY MEANS OF COUPLED CFD AND REFRIGERANT CYCLE ANALYSIS

William Monteleoné, Fabian OcHsChristof Drexé] Christoph Speér
Unit for Energy Efficient Building, University of Innsbtuck
TechnikerstraBe 13, 6020 Innsbruck, Austria
Phone: +4%12 507 63661
E-Mail: william.monteleone@uibk.ac.at
drexel reduziert GmbH
Kennelbacherstral’e 36a/3, 69@begenz, Austria

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 ofdhaources, particularly in densely populated areas.

A facade integrated modular misplit heat pump for domestic hot water preparata renovated buildings has

been developed by means of laboratory testing and simulation work. Combined CFD amdardfrigcle
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 othel
hand. Modularitycompactness 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 levdls]. 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 substhasetbssil

burners but their implementation and performance strictly depends, among others, on the energy somirce and

the type of delivery systef3]. While in the construction of new buildings there is a higher degree of freedom

in the designing and control of the heating and damhbst water systems, in major renovations the

enhancement of the performance of an existing centralised system is nof}iviakradiatorshased systems,

if radiators are not planned to be replaced, high supply temperatnitethé efficiency of heat pumps in both

single and multfamily buildings[5,6]. This leads ofteto 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 madetand 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 198@])sé¢kere is an

ohbvious 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 heainpp market does not actually provide such solutj8hsThe goal

of the FFGfunded poject FitNeS is to develop a first of prototype of a decentral (aparwise} facade

integrated minisplit airto-water heat pump based on propane (R290) for domestic hot water preparation in

minimally invasive renovations. The integration of the outddement of the split heat pump inside the facade

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 unitie agiossibly

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 aetbcity profile. A 2D velocity distribution has been then extrapolated and

given as input to a refrigerant cycle model created with the software VEidyij 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 MATLAR environment to be able to approximately
estimate the performance of the heat pump with varying source and sink temperatures and its simulation results
crossvalidaed to those of VapCyc and compared to the laboratory measurements.

CONCEPT

Fig. 1 shows the developed hydraulic design of the rsipiit heat pump for @mestic hot water with a facade
integrated outdoor element. The outdoor element, which houses four axial ventilators and the evaporator, is lined
internally with soundnsulating material and is ideally integrated inside the insulation layer. Accessibility

internal components is guaranteed by a double panel system, which can be easily removed in case of maintenanc
but at the same time is aesthetically pleasant from outside.

“a

Qutside air

oD 09 0D oD |
2 >

Indoor unit

a9

Fig. 1 Conceptual scheme of a fagadéegrated mii-split heat pump for the supply of domestic hot water. A domes
hot water storage (DHWS) is included in a compact indoor unit. Hot water is delivered to the user by means
freshwater station.

Conversely, the indoounit includes the remaining components of the heat pump (condenser, compressor,
expansion valve, filter and safety devites well as the domestic hot water storage, with a capacity between 90
and 150 liters and the hydraulics needed for the delivergtofater 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 tteilteof a multistage 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 achievailanperiafrthe

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 measurememesinternally developed refrigerant cycle
model features a modular appob 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 analysesvere necessatiy the predesign phase twlentify the optimal geometry for the outdoor element
of the heat pumBeveral designs wesereenedollowing the subsequent criteria:

Flow homogeneity on the incident evaporator surface (in terms of standard deagatidinst approximatign
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Air-side pressure drop minimization;

Obtaining a possibly homogeneous flow guarantees that the evaporation pressure of the refrigerant stays more o
less constant for each refrigerant circuit, whereas highly inhomogeneossHovhave a negative effect on the
efficiency of the heat pump/ariants with both axial and radial fans were included in the analysis. All CFD
simulations were performed within the software environmenAmdys 19.2413]. For the sole purpose of
optimising the overall airflow and considering also the complexity of modelling air channels Hiimplagat
exchangers, it was decided to appmate 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 observe
in the laboratory at a particular volume flow. The assumptiadenfor each simulation are summarizedable

2

Table2: 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
Transverse loss coeff. = 3630'm

Each simulation uses a stand&dturbulence 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 turkufandelg§14].

In order for a simulation to be retained successful, the root mean square of the residual ddreeatioa value
of 1e-6. The preliminary CFD analyses involved both axial and radial fadssign airflow rate of 350 #h is
imposed in each simulation.

REFRIGERANT CYCLE SIMULATION

In order to couple the CFD simulation results with a model of egeghint 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 singletaHrefrigerant heat exchangers with praniform air distributionFor plate

fin heat exchangers, it is generally suggested to discretize the model such that a 100 mm length segment of hee
transfer surface (pipe + fins) corresponds to a single calculation point. Finer meshes will not result in more
accurate calculatiorend 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:

Compressomodel based on useefined performance maps;

Condenser model from SWEP database (plate heat exchanger BX8T with 20[pifes)

Isenthalpic expansion valve;

Evaporator model from CoilDesigner (CFD velocity profiles);

Pipes model with calculated pressure drop and heat loss (from correlations).

Subcoollng and suction superheating were preferred as convergiada 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 additiomadiemteand to
evaluate multiple configurations. The following subsections describe more into detail the assumptions made for
each component of the MATLABased model.

akrwbdpE
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COMPRESSOR MODEL

A third order, tencoefficients equation, depending avaporation and condensation temperatures was
implemented for the isentropic efficiency based on manufacturer data:

- QT audhoeeo (EQ- 1)

The refrigerant mass flow supplied by the compressor is inderaded from a physical mofjeas in[16], and
is linked to the rotational speed by the following equation:

4 _ g . (EQ. 2)
0T

With:

— :Volumetric efficiency

€ : Rotational speed of theompressor in [rpm]

O : Displacement of the compressor inJm

R : Refrigerant suction gas density in [kgIm

Volumetric efficiency can be calculated either from technical literature data for compressor models with identical
technd ogy as a functi on o f[17]) onacomdiogroparthesesical onadelysinilai totheU  (
one described ifiL8] 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:

- T80 X S—  pd6 Q (EQ. 3)
Where: k

a : Compressibility factor of the refrigerant at suction side

a : Compressibility factor of the refrigerant at discharge side
T : Compression ratio

"Q Isentropic expansion factor

6 DClearance volume of the compressor (dead volumnih

'Q DCorrection coefficient

A correction factoiQ 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 sthdaé first calibrated to find an appropriate value@orThe

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 1B28]. For thecalculation 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 aralysis, 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 depgifidim the delivered heating power:

0 (EQ. 4)

3Y ; Y s ok 7 -
h

Yy §,0 p andé 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 dependiog the cooling power:

0

3Y i o A - (EQ. 5)

wherez’Y ;  ,0 | andé result from the calibration procedure.
EXPANSION VALVE MODEL
An isenthalpic valve model was adopted in this case. Thus, the following condition applies:

QO Q (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 condense
as well as being calculated in a detailed way through correlations. A separated calculation is needed for each
phase and each componereat losses are instead attributed mainly to the shell of the compressor and follow
the rule described ifeq. 7):

v Yo f f (EQ. 7)
Being:
Yo : Compressor shell overall heat transfer coefficient in [W/K]
i : 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 heatingdacooling power to fully characterize the refrigerant cycle in terms of
pressure, enthalpy and temperature and opts to minimize a given convergence function, d@gmes),ifeq.
9) and(eq. 10):
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Qi i 0 0 0 0 Qi i Qi i (eq. 8)

a Q O a op Tor T & (eq. 9)

a Q5 Qg a Wy T ; [ (EQ. 10)

The first part of the convergence error aims to check if the overall balance of the heat pump is satisfied, whereas
the remainingérms 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 movaial¢ dimate chamber which
adheres to the fagcade of tteet cell when the heat pump is being tested. $ake 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 compdobr 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 figurésto 5 compare the measurement of the splitaiwater heat pump with the results

of the refrigerant cycle simulation from a commercial software (VapCyc) and those from an internally developed
refrigerant cycle modeh 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 minimun
of about 100 W to a maximum of 200 W than the simulated one. Thisagape justified by neoptimal
operation from the heat pump alongside a lower measured cooling power compared to the simulated one as
demonstrated by the graphRig. 4. More in general, the MATLABased refrigerardycle model overestimates

the electric power consumption of the heat pump by around 40 W on average compared to the measuremen
results, whereas the simulation in VapCyc yields a lower consumption. Both MATLAB and VapCyc models are
in good agreement inst@aegarding 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 chsebeed
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 1 Fig.3 Measured electric power consumption of the het
corresponding simulated values from VapCyc (in green) pump (in bue) with the corresponding simulated values
from the refrigerant cycle model developed in MATLAB ( from VapCyc (in green) and from the refrigerant cycle
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Fig. 5 Measured refrigerant mass flow rate (in blue) wi

corresponding simulated values from VapCyc (in green) the coresponding simulated values from VapCyc (in

and from the refrigerant cycle model developed in
MATLAB (in red).

CONCLUSION AND FURTHER WORK

Within the research

green) and from the refrigerant cycle model developec
MATLAB (in red).

pr oj e c t-splifidito-tvates fScaderdaegrated meatipnpo n a |
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 refagant 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 refriggcétmodels 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
measuremdrwas 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 tBED 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 anoéxdesge 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
implementatiorof heat transfer correlations and numerical procedures (e.g. finite difference method) to include
CFD results within the refrigerant cycle simulation also in the MATL#eRed tool.
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SUMMARY

Today 6s Eur o messstill lalyayadeépendigg orsfessil 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 dilidrse, 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 dtaivsdlar heat can be a cost
effective and competitive solution to current fodsiked district heating. Especially, the combined use of solar
collectors, large thermal energy storages and thermal driven heat pumps enable to shift the produced heat ir
sunmmer into winter season. Additionally, existing infrastructures may be optimized by peak shaving gad flue
condensation.

Keywaords: District heating; solar district heating; BigSolar; multifunctional storage

INTRODUCTION

I n the European energy system todayébés biggest cha
energy demand is corresponding to the heating sector, whereby mobility and electricity is corresponding to the
other half (REN21, 2019).

A largeshare of this heat demand is still covered by fossil fuels with higipGitition. 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 bytdig 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 (amg) cativorks 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 Bctebmobility 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 paptr gneslézrnative.

AIM OF THIS WORK

In this paper the potential of solar heating supply for district heating is aimed to be shown from aupottom
approach considering real situations with real data. Based on implemented example projects and several
feasbility 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 willgyl 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 tigosdio overcome this restriction.
The solution is achieved by a combination of scaling up solar thermal collectors, large thermal energy storages
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(shifting solar heat from summer to winter) ar

thermally driven heat pumps. All relevar — - B CAPEX
system parts undeent 45 a significant OPEX fix
development within the last years, today offeri 'é. _ W OPEXvar.

a competitive heat price and enormous potent
The need of district heating companies is relial
heat supply at socially acceptable ai
competitive prices. Capital costs of convenal
heat technologies based on combustion (fo:
and biomass) are rather low but have hi
operational costs due to the ongoing purchase
fuel. Compared to these, tloharacteristics of
BigSolar are high initial capital expenditures (CAPEX) and loerafional 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 glgnifisaresult,

the solar solution contributes to security of supply and regional value creritjore ().

outside EU

added value

outside EU

Figure 1 Cost structure and added value of solar and
fossil fired heat production

DATA AND RESULTS

Various district heating systems have been examined and a wide range of different boundary conditions was
covered. Systems fmo northern to central to southern Europe were studied and thus a wide variety climatic
conditions. Differently sized cities (population 2,00@00,000) with different proportions of district heating

(5% - 80% of heating demand) and a wide range of anheating demands (2 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 andradf©tion of 6,000 to 40,000 t/a. Beten 0.5

and 6 mz2 of solar area per district heating connection were planned, which provid@@DRWh/m2/a solar

yield. With a thermal energy storage requirement of 2 to 6 cubic metres per square metre of solar area, the system
were designed quite digrently. 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 alsareostach 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 storagmables 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.

REFERENCES
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SOLAR FRACTIONS FOR SOLAR PROCESS HEAT PLANTS TAKING INTO ACCOUNT
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F. Pag, M. Jesper, O. Kusyy, K. Vajelpidan
University of Kasselstitute of Thermal Engineering
KurtWolters-Str. 3, 34125 Kassel
Phone: +49 561 804 1971
E-Mail: solar@unikassel.de

SUMMARY

Based on an hourly heat load profile database of more tharob@itanies, 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. Bhehmsuhat 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 innwative 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 umg&y/dx.doi.org/doi:10.17170/kobra
202202045718

INTRODUCTION

The decarbonization of industrial heat is a big challeBgtarheat for industrial processes (SHH&at can play

a decisive role inlecarbonising the lotemperature heat demand in indudiyycovering a large part of summer

heat loadHowever, for the design of hybrid renewab&atingsystemsombiningsolarheating plants ane.g.,

heat pumps or CHPs, the question arises as tosihatsolar thermal energy can realistically contrib@everal

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 thedimaigy deman¢e.g., Lauterbach et al.

2012; Mduller et al. 2004)This blanket assumption neglects the great diversitpaandaryconditionsin
individual companiesThe compamspecific potential for solar pcess 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 infamrisatiot
available for a big number of compani®¥ithin the framework of the BMWiunded research project AnanaS

and the IEA SHC Task 64/IVa gasload profile database (hourly resolution) with more than 6@0dman
companiess established. Ithis context, it is investigated whickollector area can be installed and wisciar
fractionscan be achieved by an automasadiar heating plandesign based on the VDI guideline 398®I
guideline 3988}aking the actual heat load profile into account. Furthermore, this potent@higaed to the
available roof area froif@1S dataFinally, 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 theammon assumption, heat load profiles in industry cannot be assumed to be constant. As shown

i n the aut ho{Pagktap20EBMeéespeuet al. R0@Justrial heat load profiles from the secondary

and tertiary sector are often dependent on the ambient tempefidiisrés due to processes such as ventilation
systems, heated baths (into which cold parts are immersed) and space heating. The heat load profiles ar
categorized into four clusters by their level of ambient temperature depen&end).(While some companies

have a very constant heat demand throughout the year showing no ambient temperature dependency (Cluster O
others show a strondependency as shown by Cluster 2 and 3, where the winter leadGimean ambient

82

2% INTERNATIONAL 05 - 07 April 2022
SUSTAINABLE ENERGY Congress Graz
CONFERENCE 2022 Austris


mailto:solar@uni-kassel.de
http://dx.doi.org/doi:10.17170/kobra-202202045718
http://dx.doi.org/doi:10.17170/kobra-202202045718

temperature is higher by the factor of 4 or even 10 compared to the summer heat Id42l at 20
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Fig. 6: Linear cluster regression functions for working days (a) |If7|lf m JF isthe daily heat demand normalized to the mean heat demand on
working days with a mean ambient temperature of 8C (Jesper et al. 2021)

The solar heating plant is designed according to the VDI guideline 3988. Here, the collector field is sized with
resgect to the summer heat demand to avoid any solar surplus heat that cannot Bbeis4dl. 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 workhd design values of a vacuum tube collector range between 3.7
kWh/(m2&l) at 35 °C mean collector temperature and 2.6 kWiAjrat 95°C. The relation of heat demand and
design value gives the pdesigned collector area. For this studyemperature leveof 80°C flow and 60°C
returnis assumegdwhich isa typical casdor 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 stope of 35

Intheontext of this work, the available roof area i
from the free spatial database OpenStreeti@penStreetMap contributors 201Mhe roof is assumed to be

flat, nonshaded and statically suited. Thaiable roof area is compared to the resulting collector area (required
collector area)A roof areaexploitationfactor describes the utilisation of the roof areasbharcollectorsas the

ratio of the collector and the roof area. Thereby, row spacdirayoid sefshading 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 ofompanies 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. Assnidiegland not realistic exploitation

factor of 1 i.e., one square metre of collectanistalled per square metre of roof amaly 20 %of the companies
surveyeddo not havesufficientroof area.Consideringa realistic roof areaxploitationfactor of0.33 more than

50 % of the companies still have sufficient roof area for smfiectors to cover the summer heat demdig. (

7). However, another 5% of the companies do not have sufficient roof area and still need other rémewab
technologies to cover the summer heat demand or other suitable area nearby to install more solar collectors. Th
analysis cannot consider the statical suitability, the detailed orientation, or the slope of the roofs which might
reduce the suitable roafea even more.
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Fig. 7: Number and cumulative share of companies as a function of the available roof araad the pre-design collector area
according to VDI 3988

The limitations by the roof area as well as the seasonality ob#lgedrofile reduce the potential solar fractions
significantly.Fig. 8 shows the solar fractions as the relation of the solar yield and the usefutimeatcdfor 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 cluser 0, the solar fractions reach more than 40 % in best cases, whereas in cluster 3 onlydigit swlar

fractions can be realized as the summer load is low and the collector area is small consequently. If the roof aree
and the resulting limitations amdso 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 @#neaabsolute solar yield and the potential solar
fraction is decreased) some cases significantly.

(a) (b)
Exploitation factor: None Exploitation factor: 0.33

Flat roof area
Req. collector area

-2 | ®
10 . >
10_3 T T T T T T T T T
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Potential solar fraction in % Potential solar fraction in %
® Cluster0 Cluster 1 o  Cluster 2 o  Cluster 3

Fig. 8: Representation of the possible soldraction as a function of the area ratio (yaxis) and the seasonality of the load prfile (cluster O:
constant profile, cluster3: very high seasonality)for different exploitation factors.
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CONCLUSIONS

The results of the study show that a sdétaction of 30 %, asassumedn potential studies in the past, is very
ambitious in many companies as the heat demand in industry is also often highly dependeratnaviethie
temperature. In addition, it becomes clear that the available roof area is a strongly limiting faceotefcinnical
potential for solar process heat. This underlines the necessity of open spaces for collectors, of R{did low
heat supply systems of solar thermal energy and heat pumps or CHP units for high regdrecatiner
innovativeconnectios of district heating network® industrial customers.
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SUMMARY

Thermally driven heat pumps are a supplement to the common electrical heat pumps. Using low temperature hea
sources, thermally driven lithiimromide/water absorption heat pumps are an auspicious technology for efficient
heating and coatig. Within thispapeithe development and results of an innovative absorption heat pump system,
directly fired and driven by ligneous biomass are presented. This so called bsySte@ is characterised in
particular by itsemperaturdlexibility and two-stage configuration and enables cooling, heatirigideally i

both simultaneously at variable temperatures. The innovatived®yponent is the higtemperature desorber,

where the heat of combustion is applied. The bioSM&em rises attention with daled fuel utilization rate

halved emissions and a very low demand of electrical energy using ligneous biordasgnggpower. The
conducted system concept, simulations, and layout ®rh#ating capacity class of 1K/ are discussed.
Laboratory measements show promisimgperationaperformance of the reakale system.

Keywords two-stage LiBrabsorption heat pump, foséiee cooling, ligneous biomagised desorber

INTRODUCTION

Cold, heat and hot water in housing and industrial estates or municipal adminisicalaomgs must be primarily
supplied by sustainable energy sources to lower the effect of climate change as soon as possible. It is eminen
that replacing fossil fuelsytcostefficient 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 gasssions, 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 ando sed® a
perseverative transition to an even and reliable I&alording to Pelkmans (2018)gneous biomass covered

the heat demand in Germany by 10.7% in the year.20X6mainsby far the dominating renewable energy
source for heating. Therelbtis a perspectivéor further growth yet the potential of biomass is limited and in
some fielddor applicatiors and countries almost fully tapped.

It is also important to nothat thedemand for cooling and refrigeration is expected to increase itioad the
demand foheating. Refrigeration now accounts for around 12.5 % of total electricity consumption in Germany,
as the figures of the AG Energiebilanzen €2020)showfor the year 2020

The increasing demand for climdtéendly cooling and hating- especially from biomassrequiresa more
efficient uilisation. Therefore,ZAE Bayern has developed a new typfebiomassfired heating and cooling
system ("biomass sorption heating and cooling” = bioSHC systerapoperation with the biomassileo
manufacturer HDG Bavaria GmbH

This bioSHC systerhas beemngineered 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 funuidelall he
integrded thermal heat pump process doubles the efficiency compared to conventional bahets)sto 50

of emissions can be reduced. Compared to conventional bigno@gsed cooling systems, an efficiency increase
of more than 35 percentage points camdigievedlt alsoextensively easghe strain on the electric power grid
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compared t@onventionaklectric heat pumps and cooling systeBise to the insignificant demand of electrical
power, the system is almost independent from the fluctuating esgogly of renewables such as wind or
photovoltaics.

The aim was to develop a setup, which can be easilyein common manufacturing processes. This enables
prospective numerous applications in homes and commercial buildings, particularly regardingdddivede
rising need othiller applications

TECHNOLOGY

Heat pumps (or chillers) upgrade lgemperature heat to a useful level. Therefore driving energy is needed.
Electromechanicallgrivenheat pumps are operateith a compressor to pressurise thigigerant. The system

is driven by electrienergy In thermaly driven heat pumpseat af hightemperature leve$ provided to drive

the cycle In both casesliquid refrigerant is continuously evaporated and heat is extracted frorlowhe
temperature heat sourde order to be able to release this heat again at a higéeflultemperaturdevel, the
evaporatedefrigerant must be "pumped" to a higher prestawrel with the help of the dring energy.

The operation principle of multage absorptierystemswith aqueous lithium bromide solution aride
refrigerant water as theorking fluid pair (HO/LIBr) is the same as in silggstage absorption heat pumpsre

c a | basiastagé the refrigerant circulates in a closed and completely evacuated circuit. This process is shown
schematically in the-p diagram irfigure 1

pressure | ¥ __.__ ,
| D, |
P, |
high-
temperature
stage
|
1
____________ ,
J |
P, |
1
|
1
|
basic stage
:
P :
:
T T T T g
T T T T temperature
© ZAE Bayern 1 2 3 4 p

Fig. 1. Twostageabsorptiorsystemprocess in the schemati€Tpdiagram

The refrigerant water evaporates at the evapoEatand thus extracts the h&@¢; from the object to be cooled

(at the low temperature level)T The vapour is led to the absorberakdis absorbed byhe agueous lithium
bromide solution. This liquidolutionis brought to a higher pressure lefsgl pumping itinto the desorberD;

and D. The high content of lithium bromide in the solution increases the boiling temperature compared to the
refrigerant water

At this point in the absorptiegystem process, the B®8HC system differs from conventional, singlage
configurationsthe secalleddigh-temperature stagdirectly drives the procesdere, his innovative core piece
was designed on the basis betcombustion chamber geometry of an existing woodchip boiler from HDG
Bavaria GmbH.

In this hightemperature desorber (HTD or Desorbe), Dhe refrigerant is released from the solution again
(desorption) by supplying the drive h&as, from the biomassombustion. Refrigerant generatediirectly via
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heat exchanger walls with the help of the flue gas hie solution is regenerated diredtly combustionThe
refrigerant vapour then condenses under the given pressure at a correspondingly higitatuenigvel at the
condensef:; and is again available to the evapordtoin liquid state

The released condensation h@at is used to drive the desorber @c. = Qp1), which also desorbs water from
the lithium bromide solutionfhe combustion dat supplied to the desorbes B thus used twice, increasing the
efficiency. The heatQe: andQr; at C; and A represent the waste heat, consisting of the wgadliedat D, and
Ei, and can be used for heating purposes.

Due to the coupling o€, andD; 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 heatesgusoks, thermal
energy or process waste heat, and thus save furthen tinel provision of cooling and heating.

ADVANTAGES OF MULTISTAGE ABSORPTION-SYSTEMS

Multi-stage absorptieaystems have been the subject of much discussion and research in recent decades. At the
same time, the feasibility is limited by theevitably increasing temperatures of the oivenergy source and

the working fluid pairsThe working fluid pair used here has a usual upper range of application temperatures
between 150 °C and 170 °C due to increasing corrosiveness. The systemstedeblnthe economically
justifiable availability of materials and components. In addition, the complexity and expense of heat exchangers
and fittings increases with the number of stadd® twostage concept offers a good compromise between
performancecost and complexity.

The heat rati@ is known as the quotient of wdecold provided at the evaporatd®#) and the driing energy
supplied to thelesorber Qp).

(eq.1)

|
c-zl CA

A comparison of thalesigntypes clearly shows the increageefficiency: Modern singlestage absorption
chill er suse alb.l18e, aw retiadedoubledifectdtew® gn enablceiseOval des up

T h e h e aexpressad faneatingpurposes is defined as the the quotient of uade heatprovided at the
absorber and condend€)::andQg:) and the driing energysupplied to thelesorber Qp)

_ S (eq.2)
0
Commercial twestagesystemsare usually sold with nominal capacities of one megawatt and higher. In addition
to direct gas and oilfired systems, the use of steaperated or pressurised hot water systems is also
economically justifiable in this higheapacityclass. In generaljrggle-stage hotvater driven absorption chillers
are used for smaller capacities. Such chillers often use the waste heat from industrial processes or district heatin

and provide cooling as a "jproduct".

In order to replace fossil fuels in smaller systeihis worth looking at solar heat or the fuel wood, which can be
easily stored and is often available locally. Tkirsd of biomass is interesting as the most frequently used and
standardised fuelespecially since its thermal utilisation has beenrteetily mature for a long time.

The bioSHC system theoretically achievabiomass utilisation efficiency BUqs a 1.1, i.e. the quotient of
useablecold Qe and the product of fuel mass flols with the lower heating valud.

6 YO —— andd YO — (eg.3a and 3b)

The BUE.eais defined similar but refers to usalleatprovided at th@bsorber and condeng€e:andQz1).

Conventional systems consisting of a hot water boiler and a sitegleabsorption chilleachieve an efficiency
of BUEcos@ 0 WahSthe significant reductionf fuel demandor the same cooling capacithe use of the
two-stage systemeducesemissons (dust, Cg) etc.) to the same extent.
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SYSTEM DESIGN

The bioSHC systerhasprimarily been developeds a heat pump system. Therefore, all comporents been
designed based on the analysis of suitable ambient heat sources for absorption heat puaitpsiatheeeto

use the lowest possible temperature of the refrigerant. In order to avoid internal freezing, the evaporation
temperature of the refrigerant water (H20 or R718) has to be limited to about 1 °C. This restricts the variety of
generally availale low-temperatureneat sources for H2O/LiBr heat pumps in particular. Nevertheless, the
potential of heat sources that provide temperatures of more than 8Uh as groundwater, wastewater or
borehole heat exchangeris remarkable. It should also beted 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 efficientateamystems for
modified refrigerants based on water. Assuming successful research, heat sources that provide energy a
temperatures below the freezing point of water could then be integrated.

Based on these design boundary conditions, the bioSy#em is capable of providing chilled water
temperatures at around 4 °C at a he@ctiontemperature of about 41 °C.

For conventional room aironditioning, these boundary conditions are duéfilling, as the highemwasteheat
temperatures are the lgrway to enable drpheatrejectionof the chiller and thus lownaintenance and water
saving cooling operation.

The developed system consists of three main subsystassorber fired directly with biomass, i.e. the second
drive stage including condensarsinglestage (singleffect) absorption chiller or heat pump and a prefabricated
hydraulic system. The latter enabkssyimplementatiorand interactionn buildings and their control systems
and prevents desigmd constructiorrrors The componeniare specially engineered to match one another, with
the high temperature desorber (HTD) being the core piece.

&‘“
B - - -
SN

i BIOMASSFIRED DESORBHERD

1 ABSORPTION HEAT PU{#HP)

I STORAGESUPPLY AND SCALE
FOR BIOMASBUEL

i CONTROL AND HYDRAULIC

SYSTEM

FG. 2: PICTURE OF THE SYSTEMUP INTEGRATED INIA-LABORATORY ENVIRONMENT

The designof the hightemperature stage is similar to the usual standard wood chip or pellet boilers with flue
pipes.Solely,the installations for supporting natural convection amaytoding the refrigerant steam as well as

the hightemperature condens€s have beeradapted. Therefore, the HTD could be manufactured using the
conventional methods and less expensive materials of the boiler manufacturer. Thanks to the similar design, i
can beproducedat comparable costs to commercially available hot water boilers with the same firing capacity.

The singlestage absorption chiller, designed as a tube btlraed unithas been made match the HTD. As
shown in figure 2, the entire itadlation of the components was set up in a laboratory. With the help of a hardware
in-the-loop (HIL) test rig, realistic measuremeh@ve beerarried out on the bioSHC system.

The extensive measurement technology was chosen with the k@@pohg the relative measurement uncertainty
in the efficiency key figures below 10 %. For example, apigitision scale was used to determine the fuel
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mass flow. The mass decrease mechanically decouplezbntainer was recorded with an accuracy gf 1

KEY FIGURES AND MEASUREMENT DATA

The bioSHGsystem can be operated in different modes. The most imporiesa r e
Abi o-tha § 8 e n (loth calletdougldeffeatnode)a n d

heating and cooling can and should be used simultaneously for best performance.

TABLEL: KEY FIGURES AND TEST RESULTS OF SHEESYSTEM

Ahi gh
fihi gh-lt édupleliftractelwheses

Key figure Abbreviation and/or Unit | Highest efficiency & Highest

Equation cold by biomass combustion| temperature-lift

Simulation | Measurement| Simulation Measurement

chilled water | Tcola(Supply | return) °C 418 5.6 | 9.0 4 |8 5.7] 8.0
heating water | Theat(SUpply | return) °C| 41|31 39.9| 313 90 | 70@ 90.2 | 80.0
temp. lift Tiitt = Treat supplyG Tcold supply K 37 34.4 86 84.5
nom. capacity | vQeat| vVQold kW | 111 62 95.7| 52.3 66 | 16 57.9] 13.2
Y® Heat|Cold VQeatt VB! | VBoiat VR -| 222]1.23| 221]1.21 13103 1.30 | 0.30

VReatt ("Hruel t LHV)? - 1.99 1.70 1.18 1.03
BUEHheat|cold ) )

VBoiat (Hruel f LHV)? - 1.10 0.93 0.27 0.23

@max. 85°C feasible

Operational measurements show very good agreement with the simulated process pafabktetenables
the comparison of thieey figures and test resultSolely the heat and cold outpas well as fuel efficiency is
lower than expected due to the high ambient heat losses of the HTD measteetmenihe low electrical

®) Heat Ratio

©Biomass Utilisation Efficiency; Reference lower heating value (LHV)

ef fi

energy demand of about 1 % of the usable Qgathasto 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 ket operation is illustrated in figuredh the left Very good values are
achieved for both fuel efficiency and heat ratio. #arheatsupply, a fuerelated efficiency of BUEar= 1.7
be

coul d

demonstrated. Th

e heat

rati o

rweE 221e d
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Fig. 3: Measurement results from héed operation in double effect mode
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The graps infigure 3 on theight give an impression of the process stability of the systemn@the usual
measuring cycle of 8 hours, important parameters of the combustion unit were changed, thus provoking poor
combustionDespite this massive interventionthe process, the evaporator performance renggaiis constant

(green graph)The provision of cooling and heatingaytherefore be guaranteed even with fluctuating fuel and
combustion quality.

The system haa potential for optimizatiorin terms of eficiency: By omitting all installations, sensors and
actuators, which are not relevant for réf operationbut mandatory for scientific purposes, thermal losses
could be reducesignificantly. In combinatiorwith an improved combustion contttble simulation-results given

in table lareachievable.

RECOMMENDED APPLICATIONS

The bioSHC system makes semspeciallyin rural regions where grid expansion as access to sagianal

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 aisp fadtlings could be supplied in

this way in a climatdriendly 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 centtbggreenhouses, hotels or wellnessssai@ examples in this
context. Lowtemperature 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 dlbee@ipamps, working highly
efficient and powes avi ng due t etempdrature Souraerwhioh hasdeen provides by the bioSC
system.

A side effectis regional economic value creation, sisucturallyweak areas in particular often haaecess to
biomass whose centralised use, e.g. for electricity generation in urban biomass power plants, would be
unprofitable

Forests and wood products are permanent §iks if they are managed in a sustainable andfrésildly
manner. Wherever possible, wood usest be in line with the utilisation cascade. Higlality logs should be
used for material purposes, such as building and furniture construction. For combustion vaddtaasod as
well as residues from the woguiocessing industry are to be preferi¢ds 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 resouroegawfew climatdriendly
alternatives exist or a lorgrm oversupply of wood is to be expected.

Accordingly, the technology approakhreis not to be understood as a competing model to conventieatihg
and coolingsystems, but as a complement tonthdt offers itself as an attractive and environmentally friendly
alternative where fulscale room coolingr heatingwith renewable electricity is not possible.

CONCLUSION AND OUTLOOK

The presented directly biomafised absorption heat pump system mgaloubles the heaiutput compared to
conventional biomass boilers, fired with ligneous biomass. This was proven by laboratory measurements.
Essential precondition is a sufficiently available low temperaturesoeate(e.g. geothermal probegyoviding

low temperature heat fahe implemented sorption heat pump process. The modular design of the three main
components allows for switching between operation modes such as siegke @éffuble effect or double lift.

Thus, a high biomass utilisation effinoigy 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-firies more effi@nt than by conventional absorptisystem arrangements.
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Furthermore, the overall very low electricity consumption relievesttkss telectrical grids. The chosen design
temperatures fit the requirements of new builest@ndards but are alsaitablefor older buildings. This enables
prospective numerous applications in real buildings or industrial processes.

The combination of biomassombustion and heat pump technology offers further applications such as extracting
heat from flue gas by utilisatiori condensing. Referring to Hermaetal. (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 Ubile difi setup respectively.

From the researchers' point of view, a further, simplified functional modelmudte developedt shouldbe

installed as a fieldest system at the facilities of interested customers in order to ipgeuatability for gactical

use in dialogue with these users. Thaésto take place within the framework of a scientifically accompanied
follow-up project. In this way, all importargsuessuch as the stability in continuous operation or the real annual
performance factgrcan be adequately answered. The research work must therefore be continued for at least
anotherthreeyears.The date of the market launch of the syswthalso depend on the results of the field tests.

The investment costs of such a system should alély be at the same level as those of biompaseered
absorptiorheating anatooling systems already available toddyut with enormously improved fuel utilisation.
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SUMMARY

A white-box digital winf ol | owi ng or Atrackingo a building 1in
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 virseaisors 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

Thesocakd fAperf ormance gapd or Aenergy performance g
(de Wilde, 2014). The reasof unmet performance requirementry from one building to another; most

cases therés a combination of severadsues Cazza 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 timéhile forcing it to adhere closely to physical ma@snentsin 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
opaation. 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 an
statistics (Zhao et al., 2021).

ABOUT DIGITAL TWINS

The term ADigital Twind (DT) can be found in [|itei
2021), although the concept initially was presented at the university of Miclvig&émoduct Life cycle
Management (PLM) courses tine early 200s (Grieves & Vickers, 2017). The first definitions were published

by the U.S. Air Force Resear ch L ab o rMadelmg, $mulgtiory e g e |
Information Technology &Processng Roadmap 6 ( Shof t a e t-7). AIASA ,kfin2s0itladi a nT A 1 1
integrated multphysics, multiscale, 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
reail stic and may consider one or mor e iINAGAalsotmantans a n d

the capability of mitigating damage or degradati on
should both #fi nchree apsreo b aibfiel istpya noof ammids sfiton successo
success0O Canguweel isteyeni mkdo diri ghondi ti ons at | owest po.
profil ed may be seen as suggssformatos f or opti mal CC

According to Wright & Davidson (2020), there are three important parts in the digital twin of an object:
1. a model of the object
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2. an evolving dataset relating to the object

3. a means of dynamically updating or adjusting the modelcicordance with the data

During the | ast decade, the i mportance of Al ndus
significantly in several sectors, one of which is the construction industry (Cafias et al., 2021). While some articles
report d@out limited digital twins for single system components (Lydon et al., 2019 & Tariq et al., 2022),
published results about whelbelilding digital twins offering the capabilities of the initial definition seem rare. A

DT of a whole building should digitalkeflect all kinds of static as well as dynamic aspects of the physical reality
and allow observing the building in real tinTéhe idea is to reduce the number of measurenterasninimum

and make moranformationavailable using the digital twin. Thisdludes experiments and whkiistudies that

would be difficult or even harmful on the rdalilding. To avoid possible confusicstbout the concepsome
terminology isclarified in Table I(de Souz42018),Shofta et al. (2012)

TABLEL: DIGITAL TWIN LEYLS

Level 0: 3D model #oT signals
[ ]
Online access to and visualization of sensor data in the con @ )))

of a 3D geometrical model. No behavioural model of the
building, i.e, this cannot really be called a Digital Twin. Ver
limited FDD.

Level 1: 30Dnodel + Al engine
| o | @ D)) b
Online access to and visualization of sensor data in the con ; ~
of a 3D geometrical model. An Al engine (black box) can | i 1
trained to provide system control.
A
-

v

A J

A 4

Level 2: 3D white box simulation @ )
o) )
Online 3D white box simulation modesing measured data ~. 7
input in open loopSome of the sensed signals (e.g. weathg ﬂ)
data, BMS control signals, and electricity use) drive the

simulation. Some FDD can be achieved by comparison (
measured vs. simulated signals.

Level 3: Building Tracker

White box simulation using measurement feedback in closi
loop. A "state estimator" compares measured and simulate
data. Mathematical filters create "adjustment signals" that g
fed back to the simulation model to keep the digital twin in tl
same state athe real building. Automatic parameter calibrati
is done at regular intervals, keeping the model in sync with-|i
term changes in the building. All model variables can be use
virtual signals, e.gfor control purposes. Calibrated paramete
provide high level information for FDD. diffie whatif analysis
based on calibrated model provides additional value.
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Level 4 Building tracker with nodel predictive control

This level useboth the real time Building Tracker and
predictive inputs for both weather and occupancy. The digi
twin istaken off the real time operation to find optimal systel|
control signals with help of what-studies.

METHODOLOGY

The behavioural aspects of the real building midlyerbe captured y s o ca-bbrdmadbebhs& or
b ox mdqHamdasubdet al. (2021 1anville (2009, Tannam(2019). Both white and blackbox models can

be used to improve the control of alding, provided that the training set for the bldikmodel contains a
sufficient variation of control stimuludn general, a model for a digital twineeds tofulfil three main
requirements (Wright & Davidson, 2020)

1. sufficiently physicsbasedhat updting parameteris the model based on measurenséntneaningful

2. sufficiently accuratehat the updated parameter values will be useful for the application of interest

3. sufficiently guick to runso thathose decisionsan be made within the required tiroake

Black-box models are usually data driven models shauld be able to respond correctly, in terms of replication

of physical sensor signalwhensubjected to the same stimulus (input) as the real builtiogiever, since the

model itself is unaware of the underlying physics, a great deal of training data must be aff€ilabiect al.,

2015) A consequence of t he isabsdthdtibcannal beexpectectto redicate any p
behaviour that lies outside of the realmtlog observed signals and measurements. An advantage, on the other
hand, is that the training of a blabkx model doesot require any knowledge about the binlg itself; the

training can be fully automedl. According to Wright & Davidson (2020), a purely data driaggproach is often

not advisable for several reasofifie most importanis thatthis is only reliable within the region of input
parameter spacedm which the data used to construct the model was taken. Usinglrilata models for
extrapolation without imposing any constraints based on physical knowledge is a dangerous approach.

The focus here is onvhite-box models more specifically on modelsdhhave a level of detail th& often
developed at the design stage and that can easily be adapted to tracking a building in éhtivilbite-box

models one can clearly explain how they betanawhy how they produce predictions and what the grflting
variables aréTannam, 2019)Several environments used to simulate buildings offer viiitemodels based on
physics, among the most popular are TRNSYS, Energy+, ApacheSim (IES), TAS and IDA ICE. Howster, m

of themformulate models using impeia (assignment basegyogramming languages. These languages assign
values to variables, declare the sequence of execution and change the state of the program, as is done for examg
in C/C++, ORTRANor MATLAB (Wetteretal.,2016).In the source code tfieseprograms, model equations

are mixed withthe solution methods, makirighard to find and understand theodel equationsThis tight
connection makes the code less flexible and more difficult to enhance. Better possdnditedered by
simulation models that are expressedsgmbolicDifferential Algebraic EquationfDAES) and that are solved

with general purpose solvei&xamples for such simulation environments are DYMOLA or IDA SE (Wetter et

al. (2016) & Sahlin et al. (2004)Benchmark studgeshow 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)).

95

2% INTERNATIONAL 05 - 07 April 2022
SUSTAINABLE ENERGY Congress Graz
CONFERENCE 2022 Austris



A simulation environment usinghite-box modet can be made to flow the building in two different ways:
parameter estimation andstate estimation Parameter estimatiomeans that the parameters (timeariant
inputs) of the model are calibrated to replicate the measured dataumatelyas possibleThis processs often
doneby handto improve the predictive capabilities of the model, but it can also be automatedraed out at
regular intervalsWhen automatically applied, it can provide interesting diagnostic informdtoexample if
heat resistances ofalls, windows, or heat exchangers are starting to drift away from their design. Gthtes
estimation on the other handnvolves running a modelnder the same conditions as the physical twireal
time in paralleland continuously forcing the model to replicad@sor signals. This is not a trivial operation for
a model of a room that may have hurttyref variables, while perhaps only one or two physical measurements
are availableHowever, if successful, the benefits are significant, iaatlows access to hundreds of-salled
virtual sensorsin the room (all the additional variables of the wiitex model).

This means thait is possible toreliably observe and control things that cannot easily be measured in real
buildings such as operative temperature or wall heat fluxemated analysis of the forcisggnalsmay reveal
interesting insightssuch as excessive opening of windows, malfunctioning blinds, simultaneous heating and
cooling in rooms,and uncomfortable room conditionsSuch a toolwould allow performance based smart
contracts and energy cost guarantbéghlighting the real potentigHunhevicz et al., 2022)

THE IDA BUILDING TRACKER

EQUA iscurrentlydevelopingparameter and state estimatiamdtionality for its building simulatiosoftware

IDA ICE, the IDA Building Tracker . So far, the focus has been state estimation, usingemipdrature
measurements of one or several zones as inputs to estimate the state of the entire building. To compute how muc
forcing power is needed to adjust the digital twin so that it follows the real building, the differences between the
measured air taperature 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 magriangoing research as of 2022.

The validation of the IDA Building Tracker is being donecoillaboration with AEE INTECfocusing ortwo

buil dings in Aust r isale test faddity éqRippedfwiihohighdresolwion sneesureiments in
Gleisdorf and a building in Villach operated by INFINEON Technologies Austrithe newly built research

and development building ofNFINEON Austria, both reatime simulation and building tracking with
adjustment signalare being tested in several selected office and meeting rooms. These rooms have been
equipped witmumeroussensors to measure flo@adtemperatureas well as detect wirav openings and the
position of sun blinds. These measurements are used as inputs to the simulatiortirgie @& offline) and to
validate the model. Fid. shows the physical and the digital twin of the observed building. Results for this object
are rot yet ready and will be presented in future publications.

HG. 1: PHYSICAL AND DIGITAL TWINFINEONFFICE BUILDINGOURCEINFINEONECHNOLOGIZSJSTRIA EQUA)
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Fig. 2 shows measured (red) and simulated (blue) temperature for room Priifihex 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, anc
the mechanical air exchange rate varied. These events were replicated on the simulation model as closely a
possible to try to match the measured values. Depending on the happenings, the gap between measurement a
simulation alters. In Fig. 3, the IDA Bdihg 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 ieséhforcing terms, which will enable the
identification of what is happening.

Tempera;ur;)\ Temperature difference Pr¢fb From 29.10.2019 00:01:00 to 07.01.2020 23:55:00
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FG. 2: COMPARISON OF MEASURED AND SIMULATED TEMPERATURE BRUTHDINGTRACKER

Temperafur/;e;)\ Temperature difference Prg¢f From 29.10.2019 00:01:00 to 07.01.2020 23:55:00

25
20
15

10

29 311, 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 29 311 3 5 7
T T T T T T T T
7400 7600 7800 8000 8200 8400 8600 8800 Time
Measurement
Simulation
Measurement-Simulation

v

=

HG. 3: COMPARISON OF MEASURED AND SIMULATED TEMPERATUREBIMDINGTRACKER
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FG. 4: HEAT QUANTITIES SUPPLIED AND DISCHARGED FOR THE STATE ADJUSTMENT
CONCLUSION
The I DA Building Tracker opens a path to fAmission

best possible indoor conditions at lowest cost. IDA SHdulie 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 neesbatcR and
testingon different buildings continue. The first results look promising for figdi track to optimized building
operation.
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SUMMARY

The newest revision of tHenergy Performance of Buildings DirectigiPBD) issued in 2018 foresees, amongst

other improvements, the implementation of a Smart Readiness Indicatoo{®Rildingsto recognizehe fact

that buildings play ammcreasinglyactive role within an intelligent energy systdma study undertaken fée
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-gdaephase, test the implementation of the

SRI with the proposed or alternaimethodologies. 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 stud
buildings in Austria. The aim is twonduct a welfounded analgis of different SRI approaches and to prepare

the test phase of an SRI in Austria in parallel to theviitle start of the test phase2f22.

Key Words: Smart Readiness Indicator; SRI Methodologies; Load shifting in buildings.

INTRODUCTION

Based on th "Clean Energy for All Europeans" package of measures from 2016 and the "European Green Deal"
the European Commission (EC) is pushthg building and energy sector for the interlinking of intelligent
technologies with a high proportion of renewable eiesrip combination with energy efficiency. The assessment

of the smart readines®f 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, flexildg 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 ptdomefrom 2 January 2021, allowing ayEear 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 phaseaamonline platform

for interested parties. By 1 January 2026 at the latest, the current SRl ReguildtierEPBD is to be revised
according to the findings of the test phase.

The here proposed paper describes a study undertaken for Austria, whible la@s 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 teghase othe 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
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sound analysis of different SRI approaches. To this end, building§eredt useareexamined for theismart
readinessusing various indicators. A particular foaga®n the assessment of the load shifting potential and thus
the potential C@emission reduction through the energy storage buildings can provide withiarttextcof a
renewable energy system.

In a first step, a coherent analysis of currently availabler8lgVant indicators and methodologies is undertaken

in literature research. The methodologies include, dratnot limited to, e.g., the studies undegakby 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 canafude international projects (such as IEA EBC Annex 82) and other Horizon2020 projects
(such as e.g., Xendo). Other literature related to the development or assessment of the SRI has also been
considered, e.g., a comparative case study on the SR&Wéll asstudies on the applicability of the SRI in
particular regions [8, 9] or clusters of buildings [10].

In a second step the most promising SRI methodoladiesldlay the basis for the further development of the
methodologies and the analysis within a comprehensive case study. For this purpose, three methodologies hav
been selected for a comparative assessment. It should be noted that the names used fontireetifi@ilelogies

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 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 popantiaieters, including user integration and

a dynamic building skin. The SBIOKU 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 andradzgéqalent

CQO; savings of buildings or districts. Table 1 provides an overview of the key parameters related to the three
selected methodologies.

TABLEL: COMPARISON OF KEY PARAMETERS FCRMIEIEFHODOLOGIES

Parameter SRIEC 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
Onsite energy generation X X X
Dynamic building skin X X X
Monitoring and Building Management System (BM X X X
User Integration - X -
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The third step includes the application of the selected methodologses@rmaprototypical buildings, that differ

in region, type, size, and age to cover a wide ranggpplications.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 bemadsébr this first assessment.
Thereare two offices, one officaniversity 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 comhiomatof a local heating network (LHN) and electrical storagst{age)

system for the summer. On site energy generation is mostly PV on roofs as well as PV on facade, solar thermal

and smakscale wind turbines (WT) in one of the case studies.

TABLEZ2: 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 / | multi-family | multi-family | multi-family
office residential | residential | residential
Year of 2012 2004 2008 2020 2017 refurbished | refurbished
construction 2017 2017
Gross floor 8820 417 9430 4080 7431080 227 665
area [nf]
Building GWHP, DH| biomass GWHP district microgrid, microgrid, microgrid,
system boiler heating, | local heating| local heating| local heating
chiller network, BM | network, BM| network, BM
Heating TAS, TAS TAS TAS LTSH radiators radiators
underfloor
heating
Hot water electrical solar electrical electrical LHN, LHN, LHN,
water heater| thermal, | water heater| water heater . . .
bi E storage in| Estorage in| Estorage in
omass
summer summer summer
Onsite PV onroof | PV onroof | PV on roof - PV on roof | PV onroof | PV on roof
energy and facade?2 | and facade,| and facade,
generation | small scale | solar thermal| solar thermal
wind
turbines
Storage - thermal thermal 3000l electrical in | electrical in | electrical in
storage storage heating local grid local grid local grid
storage
BMS yes - yes yes yes yes yes

To provide comparable results, the three methodologies have been applied with the same key data, however give
the difference in the calculation procedures, not all parameters are weighted equally, which also signifies the
differences in the three approashAs 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 highlaghtdbh 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 havedremlized towards a 100% range as each
met hodol ogy has a different fAmaxi mumd point that <c
approach is weighted equally within trespectiveassessment.

Fig. 1 shows the results for the initially selected prototypical case studies within a 100% range. Eachalsuilding
described in Table @ depicted withthe three methodologies. Since the BOKU methodology assesses each grid
separatly (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.
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30%

20%

L ul i
0% - - -

Building 1 Building 2 Building 3 Building 4 Building 5 Building 6 Building 7

mSRIEC mSRIAustria  mSRIBOKU therm  m SRI BOKU elektr SRI BOKU Gas

FG. 1: SRIRESULTS FOR THEPAIED 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 Baildirated 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 systgpéied in the buildingHowever even this building does

not even achieve an SRI over 60%. The assessment also highlights, that the three methodologies do no
necessariljhave the same tendency for low orlh&RIs, thus it depends on the building type and parameters, if

one SRI in one methodology is higher awkr.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 3Building 4 is rated comparatively low. This is mainlye to the missing energy storages and

the relatively high heating flow temperatuféae 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 1,2tsn&R)

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 an
the effort for data acquisition for the different methodologies. If the methodology is very elaborate aad,detail
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 dat
acquisition differs greatlpetween 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 dkeeid 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 regidts
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subjective assessment of those researchers involved in carrying out the calculations. For a more comprehensiv
understanding a wider sample would need to be undertaken.
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Easily available Available after short investigation Available Available after consultation with Calculation Estimation
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[

MSRIEC mSRIAustria mSRIBOKU

FG. 2: COMPARISON OF EASE OF DATA ACQUISITION BETWEEN THE THREE MEESODOLOGI

CONCLUSIONS

The goalof this study was to compare three developed methodologies related to the assessment of the SRI anc
apply the approach to a series of prototypical case studies. The study shows that each methodology has it
advantages and disadvages 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 tbdatugth applied,

which means that building could be rated high with one methodology and rategrlwhen applying a different
approach. What is also noticeafileat all evaluations show relatively low SRI values, far from 100%, even for
very innovativenew 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 withi
the methodologiedRelated to the data input it albecame evident that if services for energy applications are
used, they must be precisely defintedavoid different ratings by different experta this context amore
comprehensive testing of the available methods é¢es®sary, as, for example, the SRI EC method produces
different results when it is carried out by different experts [7]. In addition, the consideragimupfof buildings
anddistrictsis relevant in the further development of 8RI assessment methas 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
importanceand 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 tH8Rl 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 meitiologies so that further conclusions and optimisation potentials could be drawn
from an extended study. Also, a stakeholder consultation should address the following questighigli{1)
energyapplicationsand detailed information on buildings should ddr@ssed and defined fibre SRI (2) Based
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on which focushould the SRI be aligned.g. focus ontlding technology, grid efficiency, C3avingsor user
comforf) and (3) What should the system boundaries bén®ISR] for boththe infrastructure thas used for
the assessmeandfor the size of the object to be assessed (buildilogk of buildingsdistrict).
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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 computationapexsive. 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 heatimgetwork, model simplification

INTRODUCTION

District heating and cooling systems are considered cornerstotiessafart energy systesalue 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
infragructures, and expansion to the nearby areas with feasible heat demands. Investigating the impacts anc
possible design configurations of the new and existing netweisires gnamic analysis of the netwak
Depending on the scale and the complexityhefrietwork, he computational times for the dynamic analysis of

the networks might not be feasiblarioussimplification measures to reduce the computational time in dynamic
simulation of the networksn the model levekopology levell 2 3 45 thave been investigated.

One of he simplification measusdo reduce the computational tirna modelevelis investigated in this study
Different thresholds for replacing the dynamic pipe models with static pipe model is introdheeitadeoff

betwea the simulation time and the accuracy is investigaldesholds 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 exchangpige 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 flexibléorode
assigning static pipe model to certain pipes and dynamic pipe model to the rest of the pipes. Certain pipes can bt
defined bystating a condition by user such as pipes that are only consumer connections with length shorter than
100m should be treated atatic 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 consens and 4 production units, given in Figure 1, is modelled in Dymola
environment. The pipe distribution of the network
Figure 2 Double pipe model for both static and dynamic models are creAtedynamic pipe model, a plug

flow approach developed by Van der Heijde et al., is Gsed
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Figure 3 shows the three thresholds for the pipe replacement. These thresholds are applied on original anc
extended network that is mirrored from the original network in order to increase the scale of the network. In
Figure4, the prileminary results of tlmemputational 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.
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Dynamic Pipe Model
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HGURE7 COMPUTATIONAL TIME COMPARISON FOR TWO NETWORKS WITH THREE DIFFERENT THRESHOLI
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THE ESTIMATION OF GAS NETWORK LENGTH AND ASSOCIATED COSTS FOR EU-27
AT NUTS 3 LEVEL BASED ON OPEN DATA
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Argentinierstrass 18/10, 1040 Wien, Austria
Phone: +43%76 8142 81430
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SUMMARY

The European Union follows the obje@ of becoming carbon neutral in 2050 or even befaceording to

(Then et al., 2020Yhe influence of drastically changed gas demand on the costs of gas transport and distribution
is not fully understood so farherefore, this work aims to develop an osenrcegeographic information system
(OGIS)basedeconomic cash flow model which estimates distribution grid length, demand for gas and associated
costs for distribution of gas in tliglJ. In the face of low availability of open natural gas network data, the method
follows a topdown approach based on OfdreetMap building data and the www.hotm@psjecteu heat

density map. The method applied to the nomenclature of territorial units for statistics 3 (NUTS 3) regions of
the EU27 where results of grid length, gas demand and network costs are shosliscasded on an EWide

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 regardiatztiretarget, the future of

natural gas infrastructuie unknown. Proposed scenarios, which assume a greenhouse gas emission reduction of
at least 95% until 2050, consider a complete ploasef natural gam the long term(Luc van Nuffel, 2018)
Replacing natural gas with synthetic methanbyalrogen basedn renewable resources seesttsactive. 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 suNphertheless, the role ofreethane or hydrogen

in the futue energy system is very controversaald especially in the building sector, most studies doubt a
sufficient and cosefficient substitution of natural gas by green {Jdsckerdt et al., 2021)he reason is that

evay 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 lightluty vehicles low/mid-temperature industrial heat (<4@) and space heating
(Ueckerdt et al., 2021)

Looking at the predicted natural gas demand in the future energy system, the business model of network owner:
andits resultingeconomic profitability is challenged. Generally, a gas bill for individual customers typically
consists of 23% energy price and 35% network plice van Nuffel, 2018)If network prices are kept at the

same level, revenues for network operators would decrease because of decreasing demand, whereby investme
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 the® 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 irtgare 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 comédateedjrthere is a lack of literature
(Déauper et al., 2018; Then et al., 2020)

This wak aims to develop a GiBased 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 digioh 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 rafdesh@nting efficiency measures in

the building stock, derived from amgoingresearch proje¢iersteegemet al, 2022) The model was verified by
carrying out the calculation on NUTS 3 regions of theZ&Uunder two different scenarios. The first scenario
(Gas26scenario) assumes a gas phage after 2050 for the building stock. The second scenario (Gas60
scenario) considers a continuation of-pased heating systems after 2050.

The individual results on estimated gas demand, network length and the net present value (NPV) were comparec
to each other.

Finally, the developed model can serve as an-gperce 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 th@GlSbasedzconomic casfilow model is to estimate distributiagrid length, demand
for gas and associated costs for distribution of gas in selected NUTS 3sréfii section explains the
methodology of the model.

GAS DEMAND ESTIMATION

First, the model calculatehe future gas demand for heating and hot water preparation in the building sector.
The future demand is based on the egata heat density map from the hotmaps prdfetzutto et al., 2019)

This data set showhe finalenergy demand for space heating and hot water prepaoattbe 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 chaisiitevith final energy demand for space heating

and hot water preparationio 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 titepdejection tool

comes into playThe tool is a python script, which projetie final energy demantbr the building sector into

a defined yeabased on assumptions of renovation rates and implementation rates of efficiency measures in the
building stek (Mtller and Hummel, 2019)A standalone opersource version of the tool is available on the
hotmaps platformHitps://www.hotmaps.eu/magrhe rates of the actions are defined by-geéned scenario

inputs from an ongoingesearchproject (Tersteegen et al, 2022fhe scenariosre calculated by using the
Invert/EELab module. The module is a dynamic bottoptechneeconomic simwdtion 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 buil@irgszl and Muller, 2015)

The final gas demand was derived from the heat density map by makisiga @sumption on demand covered
by district heating. Second, the demand covered by district heating was subtracted from the heat density map.
Finally, similar assumptions were perfahto derive the final gas demand from the subtracted heat density map.

In a first step, the final heat demand signhectaresQ; that exceed a uselefined final energy demarichitan

were assigned a full supply by district heating. Below this threshold, district heating supplies only a par
according to

fed i
i - d_ 7. .

pot‘.ﬁ': — lém%idh: for hfj < limit gy,
e , i

1, for hf ‘.},‘-d > limityy,

’ (eq.1)

wheren &y is the potential share of district heating in hect4#) . The absolute final energy demand aede
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by district heatingQ;, " is calculated by

fed,dh 1 fed dh diss,dh
hig ™ =hiy -potij- (eq.2)
The factorQ " in equatior? serves as a scaling factor of the final energy demand covered by district heating,
to meet the national shaoé district heatingo in thesupply mix for space heating and hot water preparation.
The factor is calculated by

fdzss,dh — ZT‘!] t.J (eq.3)

fed  .dh
> i hig - poti;

Further, thaincovered final energy demand was calculated by

fedyrest 1 fed fed.dh (eq.4)
hij =iy —hi

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 densi€y, rﬁsterwhich were not

part of a clustelike acity, were set to 0A cluster is defined as a set of connected hectares, which exceeded in
sum a defined final energy demand. The clustering

0 S c i-lisraryt (Bedregosa et al., 2014)d convertX; " to Q; h

The calculation of theas demand is based on similar assumption as from equégiomith Q3 h , @

andlimitgasinstead ofQ; , @ andlimitan. A further introduced parameter correlates the gas demand of a hectare

element to the resptive distance to the closest European gas transmission line. Because gas supply is based on
pipelinebased transport, the existence of a distribution network in a hectare is determined by the distance to the
next transmission line. Therefore, the potdmés heating sharg & in hectare "@Qis additionally weighted

with a connection probability. The weighted potential gas heating §hége " has full potential at hectares

directly at transmission line® 1) anddecreases linearly to 0 at a certain ofdistadge Q , according
to

poteseon _ {poffjs (1 — de% -d;;), ford;; < ders

" 0, for d; ; > d°ff
(eq.5)

The result of this assumptions is the final energy demand covered by gas for space heating and hot water
preparatioriQ " The final energy demand for gas in the building sector in the respective NUTS 3 region is
obtained by

region

Ebuildmg;gas _ Z hiffjd.ga.s
7
b (eqb)
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LENGTH ESTIMATION OF GAS NETWORKS

Generally, opeftlata 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

\ h . e s h . .
Qg for connecting a set of buildys¢ in a hectare according to

[!'Ju.i'r’r'l'in_r;s._r'jﬂ.w —130.6 - l;n(nhuiftl‘in_r'js._(;rr'ls) . 8—1—5

ij ij (eq?)
The number of buildings per hectarg, was calculated by extracting the building footprint shapes from
the OpenStreetMap databd§¥penStreetMap contributors, 201af)d counting the number of buildings shapes
per hectare. To count only the buildings inidefiti ed c¢cl uster s, all building h
demand cluster were set to 0, obtaining a new number of buildings per hectare gaster " The number
of buildings per hectare supplied by gas " was calculated according to
buildings.gas buildings,new _,gas.con ~diss,n
i 18I = ij ! : p()f,-!_j - f (eq.8)

The factorQ " 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

Z- 4 nl.u{ilr,[ing.s.m w pgas.n
5 "4

buildings.new _gas,con
Zi._j n; - Pot; ;

}t‘l/i,q,s'.n _

(eq.9)

To obtain the final gas network length for buildings in a NUTSgBorg all corresponding hectare elements are
summed up as

TEgLon
lbuilding,gas,total _ lbuﬁld-ing,gas
§ : 1,7

i (eq.10)

NET PRESENT VALUE CALCULATION

The NetPresemValue module calculates thidet Present Value (NP\§f distribution gridslt 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 theNPV is calculated, is the defined base year. Every cash flow before the referenced date is
compounded and eveoash flow after the referenced date is discounted to the base year. Because the absolute
value of theNPV is calculated, profitability is given, when thN€V is greater or equab zero.NPV is calculated
according to

- - N
N P"'basc_q(m‘ - Rfus - ('Vhiﬁ - ]hlﬁ T Z( RT - (‘ff) ((_) + RV
t=0 ! (eq.11)

n = target year — base year
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wherel) describes th&lPV referenced to the base year, is the sum of all revenues gained in the

past# is the sum of albperational and network maintenance cagtsnt in the pas}, is the investment

spent in the past to build thetmwerk and2 6is the residual value of network assets after the target year. The sum

in equationllincludes all revenue® and expenditurethat accrue ufo the target yeaEach cost parameter is

based on calculated network length, gas demand or bo¢hmétwork 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 tar
year are linearly interpolated. In the years before the base year and after the tardmithigparameters 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 densit
map and an estimation of gas share to the finalggrdgmand 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 2@. For network length and gas demand calculatwn, different
scenarios with different assumptions on building stock action rates and gas shares werd& bhdssthscenario
(Gas60scenarip defines a share of 60%nd the other scenario (Gas&tkenario) defines a share of 20% gas
heated gross flo@rea in 2050Gas60 was developed, to simulate a scenario, in which gas still plays an important
roleafter 205andGas20 was developed to simulagghase-outof gasin space heatingnd hot water preparation

after 2050.The evaluated period was set fr@®20 to 2050, where 2020 is the base year and 2050 is the target
year. Both scenariasse the same heat demand density map in theykasandise different projected maps

the target yearbased on the respective projection assumptions. The gassshaend share of district heating

w inthe supply mix in space heating and hot water preparation in each EU country was derived from an ongoing
research projediTersteegen et al, 2022)

The national share of connected buildings to gas distribution netéoaisection rated ") in identified heat

demand clusters set t00.6 for 2020 for both scenarios in all EIJ countriesln the Gas® scenariothe
connection ratés set t00.6 whereas in Gas2€onnection ratés set t00.2 Thus, in theGas60 scenarjadhe
connection rate is considered to remain the same value from 2020 to 2050. In the Gas20 scenario, the connectio
rate is considred to decrease by 40% from 2020 to 20%@ assumptions on gas share changes and assumptions
on changes in the connection rate from 2020 to 2050 divEmyeexample, in some countrjghe connection

rate remains the sanfrom 2020 to 2050, whilthe gas sharef thefinal energy demand increases from 2020 to
2050.

113

2% INTERNATIONAL 05 - 07 April 2022
SUSTAINABLE ENERGY Congress Graz
CONFERENCE 2022 Austris



RESULTS AND DISCUSSION

In a first step, the model evaluated for both scenarios the gas demand and the network length in 2020 and 205C
Only 23 countries of Et27 were evaluated. The other countries were excluded because of unrealistic
assumptions about the ratio of gas shackcamnection 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_202€8ulthe

2.5 Scenarios
[ Gas60
| 1 Gas20
2.0 11
o 1 =
S |
2|1.5 H -
Q
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g % 0 :
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1.0 T T - T
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=
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0.0
AT BE BG CZ DE DK EE EL ES FR HR HU IE IT LT W Vv NL PL PT RO Sl 5K

displayeach country and scenario.

Countries of EU-27
HG. 1. DISTRIBUTION OF GAS DEMAND PER NETWORK LEROBORELATED TR0O20IN BOTH SCENARIOS

The figure reveals a very differetevelopment of gpr2050pergpn 2020 in each country and scenafibree
i ncrease
network length decreasé®m 2020 to 2050. Comparing the figure with goenario assumption$gble), the
results correlate positively witthe assumed development of the share of gas systeimsldings and the
connectio rate.
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e s
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TABLEL: ASSUMPTION IN EACH COUNTRY SCENARIGGAS SHAREO50/GAS SHAREO20:CONNECTION RATE
2050/CONNECTION RA2820)

country AT BE BG Ccz 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 Sl 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 performibg mamd=U countries. To

compare the NPV of the individual country with each other, the valuelwiaed by the number of inhabitants

located inthe respectivegas designated areas. Fig@rshows the NPV per capiia 23 countries and both
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scenarios.

With the currentchoice of input parameters, hardly any network is economically viable. Only some regions in

1000
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AT BE BG CZ DE DK EE EL ES FR HR HU IE IT LT W LV NL PL PT RO SI SK
Countries of EU-27

HG. 2: DISTRIBUTION OF TNEPVPER CAPITA RO20IN BOTH SCENARIOS

the Czech Republic, in Italy and the Netherlands have a NPV abave O | nt er est i ngl vy, t
networks have a higher NPV in the Gas20 scenario thameirGas60 scenario. Considering that the Gas20

scenario is a gas phaeat scenariat is more economical for a gas network to exit gibasr2050with the current
model assumptions

The model calculates if gas distribution networks exist in the indiVitldTS 3 region. The results vary with
respect to the scenario and year. Figushows in a EU mapthe results of each region, visualised in a certain
colour, which indicates, if a gas distribution network exists or not in a specific year and scenatrio.

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 enthe Gas60 scenario. Regions, which only

Network identified in 2020 and in both scenarios
Network identified in 2020 and only in Gas60
Network identified only in 2020

No Network identified

e o o o

///////’ No Values

HG. 3: IDENTIFIED GAS DISTRIBUTION NETWORKS IN EACH REA&RONMD 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 8 Ggareegions

have no gas distribution network in 2@2@ 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 themmithe 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 param&ter is set to a lower value than 50 km,
thenumberof regions with n@asdistribution network increases. Grey and red crossed countries are not included

in the model calculation (UK, Iceland, Norw&uitzerland.

CONCLUSION AND OUTLOOK

Within the developed gas grid model gas demand, network lengthisandiated costs fgasdistribution grids
in selected regions were calculat&tie calculation is based on opéata 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 thiwork is thatgas grid modellindpased on openly available data is not straight
forward Gas grids are consideradritical infrastructureTherefore, gametwork operators are nobligedto
publish network data like.g existing network length or gas flow the network. Thus,technical data about the
gas network is hardly availablEor thisreasonthe results ofjas network modsldependremarkably on the
assumptions related to the stated parameters

Another key firding is thequantifiedeffect of decreasing gas demand on the profitabilitgasfdistribution

grids. Even under the continuation of gas heating in buildings under the Gas60 assuggsilistsibution grids

will experience sharp declines in gas demahag to renovation and efficiepmeasures in the building stock.
Strategie$o compensate for the declineciontribution margins need to be analygede possibility is to increase

grid charges. On the one hand, this increases the revenues of netwatkrsp®n 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 adalad to the profitability of theyas
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 haveadthe effect
decreasing revenues, due to fewer consumers paying grid chiingdeey is only to disconnect network areas,
where the sum of grid charges of connected gas consumers has no significant share on the total network revenue
Therefore, decommissioning meirk 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 cphaadied

out of gas after 2050 to minimise the economic stranded costs.

Under scenario assumptions of building stock renovation and systiamexchange of heating systems, the
business model fagyasnetwork operators is tackled. Even when grid charges are increased or network length is
reduced to counteract this trend, eféecan 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
either create a gas phaset that results in the least amount of liesstakeholders involved or to stabilise the
profitability of thegas distributiometwork in the long term.

The currently developed model has demonstrated first results, which identifies obstacles gas distribution network
operators could experience unaensideredscenario assumptions. However additional studies are needed to
evaluate the strategies that DNOs can set to avoid assets being stranded. A further improvement of the curren
model could help to answer these questions.
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SUMMARY

Integral control strategies for dagnd artificial lighting ey 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 5@uilding Integrated Solar Envelope Systeros HVAC and

Lighting, represents a typical office setup with a south oriented fagcade 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 usecomfort for different shadinrgand enhanced daylight redirecting facade systems in combination
with a dimmable, daylightesponsive artificial lighting system. Beside energy demand, daylight availability and
glare protection as indicators for a highalty 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 dayand artificial lighting.

Keywords: Energy efficiency; daylight and artificial lightingpntrol, user comfort

INTRODUCTION

Within I EA SHC Task 56, di fferent ASolar Envelope
investigated and evaluated by means of building and sysieuatation(Ochset.al 20201), (Magniet.al, 2021).

To achieve an optimal facade intatjon 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 hepror each solution. Furthermore, there was

a clear need to understand the influence of a properag@yartificial lighting strategy on the resulting heating

and cooling demands and loads. While former reduces operating costs over the lifetimeglimgsnal 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 mainibagedand less integrated, as
mostly both systems are operated separdtereview of published literature between 2015 to 2020 on integral
control strategies for day and artificial lighting for office application, Plérer et.al

(2021) show that there is arcreasing 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 mentiasea 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 tsath, high u
centeredness and user comfort through individual configurations and in same time optimizing a buildings energy
demand by spaeer facade individual control. Thus, integral control concepts based on simulations or learning
systems are mentioned as agpiate methods to achieve those requirements.

Roberts et. a(2022) analysedthe potential of different control strategies in combination with commercially

available solar control devices applied in the residential sector. It was shown that occvgehcypntrols 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
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of daylight availabity continues as challenging trad#.

METHOD

The aim of this study is to evaluate the potential in energy saving and visual comfort by combining different
facade systems (screen, shading blind, daylight redirecting blind) and cmtrolaches (open/close, -@ff,

retro) with different approaches to control the artificial lighting (constantly on, on/off, dimming). By investigating
four di fferent cases, it starts with a refacemnce o
towards case 3, representing the most enhanced configuration with the besffttzateveen the different
requirements. The evaluation focuses on annual key performance indications for energy performance (heating,
cooling, and electric lightapn demand) daylighting performance (continuous daylight autonomy) and visual
comfort (exceeding luminance at the fagade).

As test model, a souttriented office cell (width: 4,5m / depth: 6m / height: 3m) is investigated. The room
consists of three indepesat fagade areas of 1m height each (Ochs et.al-2p20h opaque parapet (FA1) and
two transparent facades areas (FA2/3). Both are equipped either with a movable sihaditaylight redirecting
system, as shown iFig. andFig. 29, respectively.

The control of the daylighting facade system includeth: (1) a solar control to avoid overheating during
summer as well as (2) a glgpeotection 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 differedés: (1) constantly on
during occupancy, (2) in eoff strategy based on daylight availability, or (3) continuously dimmed depending
on the available daylight level to supplement to 500Ix on the work plane. The daylighting and artificial lighting
stratgies are combined within three cases, which are listed in Tableelreference case represents a baseline
scenario in whicka conventionalshading screewith a pure solar control is activated above the threshold of
120W/mz2and artificial lightingis permanently switche@n during occupancy.

Investigated casgchanges) Facade and Artificial lightedtings

Reference case REF 1. Artificial light constantly on during occupancy

(solar control) 2. Glazed facade + solar protection with exterior scree
Case 1 1. Light with on/off control based on daylight availabilit
(REF+ glare control andlaylight 2 Glazed facade + solar protection with exterior scree

depending lightingontrol)

Case 2 3. Light with on/off control based on daylight availabilit
(Case 1+ daylight redirection systemith | 4. Glazed facade + shadingnetian blindFB2) and
solar and glare control) speculadaylighting blind(FB3)

Case 3 5. Light with dimming control based on daylight

(Case 2 dimminglight contro) 6. Glazed facade + shadingnetian blindFB2) and

speculadaylighting blind(FB3)
TABLEL: INVESTIGATED CASE STUDIES

The facade configuration for the reference case and d&sgute 1)represents a standard system withpgaBe
insulation glazing unit and an exterior screen with a visual transmittance ofr80éfitrast to the reference case

in case theshading screen is controlled by a combined solar and glare control, which cebsitethresholds

of 120W/m?2 global irradiance on the fagade and a maximum luminance of 3000cd/m? on the inside of the facade.
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only Glazing Glazing + external screen
(basic state) (shading state)

FB3

FB1

‘ FB2

HG. 1: FACADE CONFIGURATION FOR THE REFERENCE CASEJAND CA

The facade configuration for case 2 and case 3 (F@ucensists of two individual facade parts, including a
convex shading blind with diffuse surface finish (FB2) and a concave daylight redirecting blind higih a
specular reflectie finish (FB3). Twofacade settings are included: a winter state, whiddly accounts for glare
control (max. 3000cd/m2 on theside of thefacade) and a summer state, whachlitionallysolar control (max.
120W/m2). Therefore, in winter state both transparent facads (#&B2+3) are controlled in cufff position as

an ideal compromise in blocking direct sun penetration and using solar gains via diffuse radiation contribution.
In contrastfor summer state FB3 fixed at a slat angle of 0° to further enhance daylightation, while FB2

is fixed at a slat angle of 45° to prevent from glare and overhedtimgfacadeconfiguration was selected as

the most optimal after testing different configurations for the whole year.

Winter case 120 W/m? Summer case
3000 cd/m* (only glare) 3000 cd/m?| (shading and glare)
| N | | N |
-/ N
) -/ o e -~
o Cut-Off W, 0° (fixed) !
[T
-/
| B | | B |
| B | | § |
s a
N
r . 4
" Cut-Off S~ 45° (fixed)
r (0| f | 0|
o opaque opaque
[T
I .

FG. 29: FACADE ONFIGURATION FOR CRSEND CASB

120

2 INTERNATIONAL 05 - 07 April 2022
SUSTAINABLE ENERGY Congress Graz
CONFERENCE 2022 Austria




The software DALEC (Werner et al., 2017) is used for the evaluation of the study. Intended-stagearly

design tool follighting designers, architecedbuilding engineersit enables an easy and fast evaluation of
different facade solutionsAlthough 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/idaids.

IEA SHC Task 56, DALEC was validated and compared against several other dynamic simulation tools (Magni,
2021).With this supplementary study, a special focsigiven on the optimization potential of different day

and artificial lighting solutiostowardsthe elaboration of more sophisticated control approaches.

The measurement points MA1 (facadear) and MA2 (facadfar) are used for the evaluation of the
horizontal illuminance level on work plane height of 0,8m above floor. The measuremeitsd ptP3 and
MP4 at 1,2m height above floor representing the sitting position atleyel of two occupants next to the
facade and used for evaluating the fagade luminance at different viewing directions.

HG. 3: 3DSKETCH OF THE OFFICE CERALE®VITH THE POSITION OF THE SENGER¥ FLOORPLAN OF THE OFFICE (
SHOWING THE MEASUREMENT AREAS ANDMAZ2 AND THE MEASUREMENT POIMFS3ANDMP4

RESULTS
ROME:

In Rome the solar gains dominate the influence on the overall energy bdlhaedore, the application of a
dynamic facade system such as a diffuse screen (case 1) or a shading/daylighting blind syst&8ndeaseally
shows aclear potential to reduce the cooling load compared to the reference Atgige 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 dayligiiased control saves up to 30% in energy demand for artificial lighting
compared to the reference case (light always on during occufaasy vs. Rej. By implementing a dimming
function to complement the missing daylighting parb@Ix via artificial lighting, another significant amount
of 13kWh/mz2electric energy demand saved, which leads to an overall reduction of the artificial liglergy
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 increa
slightly for cases2 and 3 mainly due to reduced atrtificial lighting gains. Thentinuous daylight autonomy

shows no influence in the facadear area (redirecting effect is not present), but improvements for the-facade

far areain case2. Although the potential for daylighting limited in this casg+6% absolute, +9% relative, in

cDA for facadefar areas) due to the room setthpetrend ispromising for rooms with deepfloor plans. The

glare evaluation shows significant exceeding by usingtinesolar controktrategy (REF)whichwould not be
acceptableKig. ). Case 1 andase2/3 show a sufficient daylight utilization while avoiding glarend therefore

an optimal controfor this location
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Fig.4: Electricenergy demand for heatinCOP=2.5)ooling(EER=3.(nd lighting
continuousdaylight autonomyfor Rome
TABLE2: MONTHLY CASE STUDIES RESULTSIFRDEIGIMULATIONS FOR THE LOCATIOROME
Monthly energy demand [kWh/(nimo)]
Month Reference Case Case 1 Case 2 Case 3
HT coO LI HT CcO LI HT CcO LI HT Cco 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 3129 | 4.83 27.25 22.10 5.17 27.21 21.66 6.78 14.65 8.36
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FG. 5: SUMMARIZING OVERVIEW ON EXCEEDING LUMINANB3HOR 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 powerAgain, the greatesteduction in artificial lightdemandis reachedoy
combining a daylighting system withdimmable artificial lighting systenCompared to a shading screen, the
daylight redirecting systenmcreases the coolindemand by almost 25% (albeit on a lower absolute level of
cooling demand than in Romeéh contrast it showagainbenefits in dayligt utilization for facaddar areas

which meanst is always a balancing in both aspects.

Consideringall improvement$n case 3the cooling load can be reduced by 65% and the lighting energy demand
by 68%comparedo the reference cagkig 4 Tab. 3)

Due to theadvanced building standard applestt the thermal boundacgnditions (all surfaces adiabatic except
the south facadejhe heating demand is generdgptlow and onlyslightly affectedoy the different strategies.
A steadilyincreasng heaing demandrom case 1 to caseiSagain caused yeduced artificial light gains.

Similar trendsare also shownfor the continuous daylight autonomilthough he overall level on daylight
availability is lower compared to Rome, the facéalearea reads still satisfying daylight utilization. Glare
issues are significant only pplying the pure solarontrol feference cadebut show satisfying results by
considering the combined soland luminance basdialind control.
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HG. 6: ELECENERGY DEAMND FOR HEATINEOP=2.5)COOLINGEER=3.0AND LIGHTING
CONTNUOUSDAYLIGHT AUTONONFORSTUTTGART
Monthly energy demand [kWh/(nimo)]
Month Reference Case Case 1 Case 2 Case 3
HT CO LI HT CO LI HT CcO LI HT CcO LI
Jan 471 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 21.77 241 21.68 9.85 10.21
TABLE3: MONTHLY CASE STUDIES RESULTSIFARDEIGIMULATIONS FOR THE LOCATIOSIOFTGART
STOCKHOLM:

In Stockholm, both heating and cooling have a much higher sensitivity in the different cases due to the harsh
climatic conditionsTheresulting energy demand for case 2 with daylight redirection shows slightly higher values
compared to case 1 using the diffuse scr€@mmsidering all improvements in case 3, the heating demand
increases by 50%, while the cooling demand decreases sigtlifibg 71% compared to the reference case and

still by 68% compared to caseThis fact illustrates that the cooling loaddases 1 and 2 is mainly caused by

the high electric light gains, which could be reduced either by more efficient lighting systéess stringent

glare control to further improve the potential of daylight harvestspgcially in northern countrieBy 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 facadtr area.
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HG. 7: ELECTRIC ENERGY DEMAND FOR HECGMPR=2.5)COOLINGEER=3.0AND LIGHTINGEF;
CONTINUOUS DAYLIGHT AUTONGRI&HJ FORSTOCKHOLM
Monthly energy demand [kWh/(rimo)]
Month Reference Case Case 1 Case 2 Case 3
HT CcO LI HT CcO LI HT CcO LI HT co LI
Jan 4.29 0.00 2.76 4.06 0.00 2.57 4.16 0.00 2.57 5.44 0.00 1.98
Feb 3.26 0.04 2.40 2.77 0.11 2.15 3.10 0.03 2.08 4.95 0.00 1.54
Mar 1.68 0.22 2.64 1.34 0.25 2.01 1.57 0.19 1.95 3.52 0.00 1.40
Apr 0.43 1.56 2.52 0.46 1.36 1.80 0.38 1.33 1.73 1.12 0.03 0.90
May 0.02 3.73 2.76 0.03 1.86 1.84 0.00 3.12 1.72 0.09 0.45 0.67
Jun 0.00 5.34 2.52 0.00 3.38 1.79 0.00 4.50 1.65 0.00 1.83 0.54
Jul 0.00 7.30 2.64 0.00 5.06 1.81 0.00 6.45 1.74 0.00 3.22 0.59
Aug 0.00 6.44 2.76 0.00 4.31 1.92 0.00 5.48 1.81 0.00 2.40 0.76
Sep 0.00 2.83 2.40 0.00 1.69 1.75 0.00 2.59 1.72 0.10 0.31 1.07
Oct 0.73 0.74 2.76 0.84 0.33 2.26 0.71 0.65 2.17 1.54 0.00 1.62
Nov 2.40 0.00 2.64 2.12 0.05 2.50 2.22 0.01 2.47 3.38 0.00 1.75
Dec 4.07 0.00 2.52 3.72 0.02 2.44 3.87 0.00 2.45 5.01 0.00 1.80
Total 16.87 28.20 31.29 15.34 18.42 24.84 16.03 2434 241 25.16 8.24 14.60
TABLE4A: MONTHLY CASE STUDIES RESULTSIFRDEGIMULATIONS FOR THE LOCATIOSITOEKHOLM
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CONCLUSION & OUTLOOK

The investigated s@s show significant differences between the applied lighting control strategies in terms of
energy demand when the availability of natural daylight is considanetlin terms of visual comfort when an
appropriate blind control strategy is used that takés account glare problem§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 cause
by the insufficient solar control approach especially in winter season, but also doe telatively high
transmittance of the used screen. This should be considered when comparing Case 1 and Case 2/3 in terms «
glare. Daylight redirecting systems show slight benefits in all climates especially for daylighting in the fagade
far area and awsequently for the uniformity of the illuminance distributiblevertheless, the increasing cooling

loads in Case 3 for all sites show that it is alwaygsmplextradeoff betweenavoiding excessive solar gains
(increasing cooling loads) andaximizing daylight utilization (increased daylight autonomyVhile 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 daoitey 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 octvipaat in

control systems are needed to better utilize solar gains for times and individual places behind the facade without
occupation. To investigate this approach, an extension of this case study is currently undertaken by adding an
additional case 4 appng the secalled IndiLightModule (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
simulatiornbased contrekernel, which calculates the optimwhading configuration in time of each individual
facade window depending on the current situation outdoor (incident radiation, ambient temperature) as well as
the workplaceandividual situation indoor (visual comfort, artificial lighting demand). Besidi@ling 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 fagade parts and workplaces.
Preliminary resus by this study extension can be shown in the conference presentation and will be published in
a continuing work.
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RADICAL T A RADICALLY NEW APPROACH FOR MODELLING
THE IMPACT OF SOLAR RADIATION

DI Daniel Rudisser
Institute for Sustanable Technologies
Feldgasse 19, 8200 Gleisdorf, Austria
Phone: +43 3112 588860
E-Mail: d.ruedisser@aee.at

SUMMARY

A new method to model the interaction ¢
objects exposed to solar radiation

presented. While the method has primari
been developed to model the solar gai

CAD-model ' k
through shaded and unshaded transpar ~—— model _SIoP
n . . . . measurements sol. incidence operator
facades in building performance simulatio [ ) T
it can as wll directly be used to mode
¢ —{ | Anwendungen

absorption, reflectance or transmittance z o o |
other solar radiation related application| material data MC-raytracing 2 ‘
S U N S

such as solar collectors, PV or concentrat DESiC".th°°'S ]
solar power facilitiesThe method differs g »{_Energy certificate / PHPP_
from previously available methods in tw Radlcal WorkﬂOW _P[ Smart Building Operation ]

essentiafeaturesfirstly, a physicallybased —> ..o

forward MonteCarlo raytracer based on a versatile, generic material model has been implemented. The model
inherently considers optical effects based on electrodynamics, such as polarization and reSeaiimfly, the
angularly resolved optical properties measured during the raytracing sampling process are compressed anc
deployed based on spherical harmonics, functions known from quantum physics. This alloparthisdftware

tools to model solar gaingith 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 tHatildings 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 thegoeiitdelope, 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 mddemm an
standard shading and glazing devid@se 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 mitatitudes, solar gains can substantially raise thermal comfort and energy efficiency in winter
while having potentially adverse effects emergy demand arttiermal comfort in summer. To maximize the
beneficial effects of solar gains and mitigate any negativadispptimized control of shading devices based on
accurate models is essentibthis, in turn, requires detailed and precise knowledggl ehergetic flows through

the building envelope related to solar radiation. The current standards provide ssionglfied geometric

models, which are not able to accurately describe the impact of solar radiation. In recent years a new approact
based on (mostly measured) BSDF (bidirectional scattering distribution function) information of the materials
used and a eonbination 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.
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MULTICHROMATIC POLARISATION MONTE-CARLO RAYTRACER

The key component of the new method is an angul ar
Parallel beams of light consisting of different wavelength samples are cast on a 3D model of the target and the
target quantit 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;Qddatenethods are
consequently applied during the raytracing process.sttchastic 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 forweagtracing approach is implementeaganing that the light

path is followed in its natural direction. The raytracing is performed based orséigiftles defined by a
directional vector, a 4£5tokes vector describing the polarisation state and a specific wavelength.

A versatile, generic mad has been implemented to describe the optical behaviour of different materials. The
materials are defined by a comptexiued refractive index function, roughness parameters and a subsurface
scattering function. The generic material can be used to nragsparent as well as opaque materials. It also
includes a thiffilm option, which can be used to model coatings.

SIOPS T SOLAR INCIDENCE OPERATORS

The angular, highly resolved information of the discrete raytracing samples is compressed into afdmetion
based on spherical har moni cs. Spherical har moni cs
surface and known from gquantum mechanics. Due to their mathematical definition, they have proven to be well
suited to describe the opticatattering process involved. A ndinear 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 deployedio @thher 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, diferentiable, continuous functions. Additionally, hitgvel data of compression can be achieved. The
method can be compared to the Mi@orithm used for the compression of audio data.

VALIDATION

To prove thepractical feasibility and accuraof the méhod validation measurementj
have been performed and compared against the modelled results. The solat
transmission of a triple glazed window with Venetian blinds of different materials ||
been measured over months. The measurement of this quarditgllenging, as ar '
extended spatial region with highly fluctuating irradiance values has to be consic |
Further, solar direct transmission depends on a set of strongly varying parameter fl
as diffuse and direct irradiance, solar angle, and stdeaA new measurement devm%
consisting of a mobile pyranometer mounted on a thrie CNC router platform hasg
been developed and used to address this complexity.
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CASE STUDY OF A PASSIVE HOUSE WITH FACADE INTEGRATED PHOTOVOLTAIC
SYSTEM

Elisa VenturiFabian Ochs, Georgios Dermentzis, Mara Magni
Unit for Energy Efficient Buildings, University of Innsbruck
¢CSOKYATSNRGNI I S WnX cnunX | dzAGNR I
Phone: +43 512 507 63614
E-Mail: Elisa.Venturi@uibk.ac.at

SUMMARY

A new multifamily house (MFH) is built in Austria according to the Passive House standard. Electric system for
space heating and domestic hot water (DHW) is provided, maraawechanical ventilation with heat recovery
(MVHR) is installed. A large photovoltaic (PV) system integrated in the south fagade of the building is installed
in combination with batteries twoverthe electric energy request from the building. A compari®r the PV
system among monitoring datzalculation resultbased ora monthly balancéool and dynamic simulations is
carried out. The possible selbnsumption and the adoption of the badteare discussed. Resuthow a good
agreement among measd and evaluated data. PHPP in combination with the new worksheet for self
consumption proves to be a trustworthy design tool, combining the@&ase with acceptable results. Moreover,
dynamic simulations allow to better predict the real-selfsumptn thanks to the smaller timestep. Batteries
clearly allow a higher selfonsumption, but also raise the mismatch between measured and evaluated data. The
average load cover factor (LCF) and supply cover factor (SCF) of theleoedicase studyre 43% ad 92%,
respectively. These values would decrease to 34% and 70% in case of no batteries.

Key-words: Passivéiouse, electric system, PV facade integration, monitoring data, dynamic simulation, PV
batteries

INTRODUCTION

The building sector represaralmat one thirdf the global final energy consumpti@iEA 2022) thereforean
effort has to be made to i mprove the energy effic
taken from the European Union to limit the environmental impact, as the Energy Performance of Building
Directive recast of 2018EU 2018) The Passive House standard is a akethwn way to pursue the energy
efficiency of buildinggPeper and Feist 201Froviding a higkguality building envelope and ventilation system,

the comfort is assured while a low amount of energy is required for thi@adiegstem.n addition to this,
adoption of renewable source is required to reach some classes of Passive House, as well as to fulfil the minimun
requirements for new buildings in many countries. Moreover, increasing theosslimption of the energy
produced by renewable sources contribute to the common goal of decreasing global @agerndaldau et

al. 2018) PV selfconsumption in the residential sector can be planned for different energy requirements (e.g.
heating, DHW, appliances, charge of electric vehi¢leachrizal and Munkhammar 202@) 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 Iddagislation(Fina et al. 2023) A review onPV selfconsumption in residential
buildings has been carried dutithander et al. 2015analysing energy storage and load management to increase
the selfconsumption and suggesting further research on this topic. Further studies on-Badhsathjtion

including monitoring data (Dermentzis 2021)and (Bockelmann 2021}) show different seltonsumption
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 idudtfulfils 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
sydems 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 instailén 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 facadlde béilding. 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.

m \\ Inverters 7 (i) g

-

— — — — — — —

[
|
|
I g -
|

Grid

FHGUREL: SCHEME OF THE ENERGY FL(IXE8BN BLUEACIN RED AMONG THIPVSYSTEMTHE BUILDING AND THE GRODNS
MADE BYFREEPIKFROMWWW.FLATICONCOM

METHODS

In the current study, measured data and computational results areccedis@analyse the energy produced by

the PV system and the part that is wglhsumed by the building (subsectibpn The difference between
calculaed and measured energy on the annual balance is presented with the Normalized Mean Bias Error
(NMEB) (Magni, Ochs, and Streicher 202Eurthermore, the Normalized Root Meaguare Error (NRMSE)

(Magni, Ochs, and Streicher 202i8) used to better take into consideration the mismatch on meatrai,
ASHRAE Guideline 142014 (ASHRAE Guideline 142014 2014)recommends thresholds of + 5% for the
NMBE and +15% for the NRMSE. Finally, the load and supply cover factors (subs@ciimmevaluated (based

on measured data and tool results) to give a wider picture of theossimption in relation to the building
consumption and to the total PV production.
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MONITORING DATA, CALCULATION AND SIMULATION TOOLS
MONITORING DATA

Sensors installed in the building allow the measurement of required erfeogiethe buildingand produced
energy from renewable source. More specifically, the portions of energy produced by sist&¥ and self
consumed or sent to the grid are known. Monitoring dagavailable every 15 minutes aré collected for two
complete years (2019 and 202Based on monitoring data, the sethsumption is also evaluated considering
the same system without batteries. In this case, the@asumption is calculated as the minimum between the
energy available from the PV system and the energy required frobuildeng every 15 minutesMoreover,
measured outside temperature and solar radiatioalsvavailable

PASSIVE HOUSE PLANNING PACKAGE (PHPP)

The Passive House Planning Package (PHP®ist et al. 2007)s an Excebased tool performing biding
energy balance on monthly level. The PHPP lthatbeen used in the design phaseodified withthemeasured
climate data and it has been calibrated to matchmisssuredenergy consumption (for space heating demand,
DHW, appliancesand auxiliaries e.g. ventilation systemThe PV seliconsumption is evaluated using the
additional worksheet developed in the frameworldiBA SHC Task 56 2020)t allows to evaluate the monthly
self-consumption with and without batteries, using simulatiased annual factors.

DYNAMIC SIMULATIONS

Dynamic simulations are performed in MATLAB Simulinkplementing elements from the CARNOT library
(Solarinstitut 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

Theload cover factor (LCF) and supply cover factor (SCF) on monthly and annugldsasgigll as with and
without batteriesrecalculated for botlyears.

The LCFandSCFaredefined as:

560 0w QdBET 6670 Q¢ (EQ. 1)
0o FVWONQIGAE | 6 Ao QE !

LoD OOBET 040 QEE (EQ. 2)

Yo 'O

Ol £€Q6 00 QEE

Since PHPP calculates on monthly basis, the monthly and annual L&%atrated according to the following
equations:

[ ETQOb6 Qo DRE Q6 an o QPH&dL QU dda Q

AEEDDO O T s e T W Wy
o Wo6 Qo BNE Q6 an o QE ¢ (EQ. 3)

B 6 'QE0H6 ‘Qa DEE QOGN O QEE@L O'Qa OO Q
B 00 Qd DOE Q6 N0 Qf & (EQ. 4)

WE £ OWDAO

Where:
1. The subscript Amonthlyo indicates cumul ative e
2. fis a simulatiorbased annual factor to consider the presence (or not) of the battery
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Monthly and annual LCF from monitoring data asichulation (available every 15 minutes) are evaluated
according to:

B D QORET 6anN0 QREE
a € € o6 O z 2z T L w R e~ m L we s (EQ.5)
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Where:
1. The subscript A1l5 mind indicates cumul ative en:

The corresponding SCF are evaluated analogously, changing the denominat@s. (§ed(eq.2)(eq.2)) in
the equations frorteq.3) to (eq.6).

RESULTS AND DISCUSSION

The PV production for both years for the various tools is presentédure. 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 thebasethly
evaluation (PHPP), the dynamic simulasoand 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 Bepthrma to the orientation of

the PV modules toward South.
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HGURE2: PVPRODUCTION IRO19(LEFY AND2020(RIGH) ACCORDING TPHPPMONITORING DATA AND DYNAMIC
SIMULATIONSN ADDITIONTHEPVPRODUCTION ACCORDING TO THE STANDARD CLINPAIRRSPRESENTED

The PV selconsumptionigure) shows peaks around February/March and October/November, in accordance
with the trend of PV productiorF{gure). The evaluated PV setfonsumption (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 agreamemty 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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FGURE3: PVSELFCONSUMED IR019(LEF) AND IN2020(RIGH]. VALUES ACCORDINGRHPPMONITORING DATA AND
DYNAMIC SIMULATION

To investigate the role of batteries in such a system, the PX@&timption is evaluated for the same system
without electric battees Figure ). Clearly, the system without batteries leads to a decrease in the self
consumption, which amounts to 24% in case of PHPP, 16% with magitbata and 21% in case of dynamic
simulations (in line with the results presentedlinthander et al. 201R)With the system without batteries, a

lower difference between monitoring data and evaluated results is highlighted. This trend seitjmgrses
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 battes)e confirming the good agreement of the tools with measured data on-Evalial

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 consiaerthly-based factors for self
consumption and values dependent on the size of the battery respect to the PV system. The battery model in th

dynamic simulation might be improved by implementing the dependence of the capacity with the external
temperatur@nd the charge/discharge current.
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HGURE: PVSELFCONSUMED IN THE SYSTEM WITHOUT BATTERMHOMEF) AND2020(RIGH]. VALUES ACCORDING TO
PHPPMONITORING DATA AND DYNAMIC SIMULATION

The adoption of batteries allows increasing the P\fa@isumpion, 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 kWRAAirin 2019and 9.4 kWh/(rha)in 2020. In thesystem with the
batteries, when the state of charge reaches 100%, energy can be sent from the battery to the grid. Monitoring dat
account for 6.25 kWh/(fm) sento the grid in 2019 and 5.33 kWh/m) in 2020.

At the same time, the implementation oftbaes 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 kWHh@nfrom monitoring data.
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Annualvalues of LCF and SCler the system with and without batteries are presentethine3). LCF and SCF

change negligibly between the two years. Momitgpdata 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 béydisexd 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). Nesrtheless, both PHPP and simulation allow to evaluate values that represent quite well the
monitored data.

TABLE3: ANNUALLCFANDSCFACCORDING TO MONITORDMTA PHPPAND SIMULATION IR019AND2020. EVALUATON FOR
A SYSTEMW/ITHAND 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) 2% 24% 76% 65%
PHPP (2R0) 46% 36% 93% 2%
Simulation (2@0) 35% 28% 84% 68%

To analyse more in detail the trends of LCF and SCF along theRigare 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
calculategonstantlyhigherfactorsthan the measured ones. In summer, there is the biggest diffehafifferent

trend is presented with the system without batteries, where PHPP cover factors represent quite well the measure
values. Possible future development of the PHPP addition&biveet might reduce the selinsumption factor

in case of batteries, in particular in sumn&imilar conclusions can be drawn by compaxogerfactors from
simulations and monitored dat@he biggest difference highlighted in summer in the system batteries

suggest the implementation of battery performance curves depending on the boundary condition (e.qg.
temperature) and on the charge/discharge current.
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CONCLUSION

The photovoltaic (PV) system covering the south facade of a new Passive House in the alpine climate has beer
investigated in the current paper. Specific attention has been paid to the produced energy from the renewable
source ad to the selconsumption 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 fwears. Measured climate and building consumption have been
used as inputs of dynamic simulation (in MATLAB Simulink environment) and a meb#sgd tool (PHPP).

The goal of the paper was to compare the measured data and computational results. Muréopdementation

of electric batteries has been investigated. Results show that the evaluated values of PV production with PHPF
and dynamic simulation represent quite well the measured data. To this goal, the implementation of measured
climate in PHPP hman impact on the PV production, particularly in 2020. All three tools prove that the adoption

of PV batteries allow to increase the PV smihisumption and therefore they represent a benefit in the building
system. The implementation of batteries le@da bigger mismatcbf selfconsumptioramong the three tools.

In particular, monitoring data reveal the lowest -selisumption, leading to the conclusion that either the
batteries do not perform as wished, or the batteries implementation in PHPP amicdsinaulations is (t00)
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 simulatior
seem to overstimate 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 accuracyilemnsuring a good level of simplicity. A further level of detail can

be achieved by implementing monthly factors of -selfisumption and factors depending on the size of the
batteries with respect to the PV system. More accurate models of the eletgng traght 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 canand 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, a@iWlue gascondensation using an absorption machine allows to
condensate the flue gas to approx. 30°C, thus increasing the output of heating wat2b¥y 20

3. Both approaches can be done with the same machine, optimizing cooling in samartezating
in wintertime.

As many cogeneration and trigeneration systems are located in moderate climates, the combined usage for heatin
and cooling is a major step forward in the aim for high efficiency energy systems.

DIFFERENT EXERGY LEVELS

The main thermal energpsrces from a gas engine, driven by natural gas, are:

1 The flue gas

1 The jacket water

9 The oil cooler

9 The air cooler after the turbo charger
The heat sources b), ¢), d) can be used for producing hot water at 90° to 100°C. The flue gas a) is typically in a
range of 400AC and can therefore be used as f@Ahigher
Nevertheless, most trigeneration projects today bring all heat sources to a common temperature level of 90° to
100°C.

ADVANCED SETUP ACOOLI NGh

cooling CORO,7 cooling COP1,0
Generator f Condenser | Z I
% —35°C ) A —35°C
Driv?r?ovc_. _g y Jacket Water, Oil Cooler, etc... lgg,,g::: <
g Energy -
90°C e 1 l
- To cooling | To cooling
’ tower tower
A Z
14°C—> = Z Flue gas Z
. se— 1=
o p— ’ . «— 28°C Z o
- Evaporator j. Absorber - j- —28°C
] EN [ Lo 14°C — o 1 B
N Cooling 7C — N
FG. 1: STANDARD COOLING WIBHNGLESTAGECHILLER ----- VERSUS ----- ADVANCED APPROAGHULTIFUELCHILLER
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