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1. Introduction

The number of solar cooling and heating (SHC) systems is increasing perméviagtijer and Jakob, 2015)
new technologies and different solutions are available on research level but also on thgMuayhier,
2015) These systems are characterized by a high diversity of design possihiitieling not only different
cooling and heating technologjdsut also a great variety of different renewable andneoiewable energy
sources. Main obstacles for a wider and faster spread of solar cooling and heating are badadkoof (i)
knowledge (i) technical issues but mainly on (iii) economics.

To encourage a strong and sustainable market for, glatovoltaic and new innovative thermal cooling
systems the IEA SHC Task 53 (T53) was initiated. It is building up on earlier IEA SHC work (k@8T&s
Task48) to support solutions to make solar driven heating and cooling systems cost competitive.

These objectives of IEA SHC Task 53 are tackled through following five acti(ifiegnier, 2016)

1. Investigation of new small to medium size PV & solar thermal drivenmgalhd heating systenes
well as development of best suited cooling and heating systems technology with a focus onyreliabilit
adaptability and quality.

2. Demonstration of cost effectiveness of the above mentioned solar cooling and heating systems.

3. Investigation on life cycle performances on energy and environmental terms LG Cycle
Assessment) of different options.

4. Assistance with the market deployment of new SHC systems for buildings worldwide.

5. Increasing energy supply safety and iefleing the virtuous demand side managerbehaviours

A special focus of the SHC Ta8B is on tested and demonstrated systems (Subtask C). The aanddyse
the performance of tested and demonstrated new generation solar cooling and heating Blystefose,
examples of solar cooling systems which are successfully demonstj¢edted or simulated in detail are
listed and information about the designs is gathered. An overview of the available systems ésl pvitpiar
the activity C2 “system desptions for field tests and demonstration proje¢téyer et al., in print, 2018)

Representative solar cooling systems are selected which will be athadyisin activity C3 “Monitoring data
analysis on technical issues & on performances” in datgilsummarized in this deliverablédne systems are
analysedn technical and economical basis with the developed 2-38il (Neyer et al., 2016whichenables
the assessemt and benchmarking the differentSHC but also references system

The main ainof this activityis to

() compare the system performance and cagésnst standard reference systems but also

(ii) to analyse the difference sblar thermal and Pdriven coolng and heating systems.

(iii) and to gain a comprehensive insight on boundary conditions of the assessment and their main
results

(>iv) to deviate rules of thumb for design and operation to support the development of efficient, reliable
and cost competitive SHC systs.

2. Overview analyzed plants

The SHC systemgresenta greatvariety ofdifferentsystemdesign and application3 he technologies are
clustered according to the main componenPyi: electrical driven and photovoltaic supported systems, (ii)
ST: heat driven and solar thermal supported systems, (i) ST+HP: electrical driven and solar thermal
supported systems and (iv) ST+PV: systems supported by photovoltaic and solar theranaplitatgons

are clustered according to the energy demands of space heating (SH), cooling (C) and domes#ic hot wa
(DHW) and different combination&igurel gives an overview on the distribution of t@analysed

systems, more details are listedlablel and adetailed descriptionf each plant and its performance can be
foundin chapter.
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Figure 1. Overview of chosen SHC systems for the assessment summarized by the used technology
(left) and the application / energy demand (right)

Roughly half of thesHC systemsise a solar thamal collector(13, 46%) to support theHVAC system Six
use the solar thermal system in combination aitklectrical driverheat pumpanothersevenST systems are
used in combination with thermahbkups. Twelve oftheanalysedsystemsare R/ (43%) supportedystems
andanother three (%) use both technologiesolar thermal collectors and PV.

The majority of the systems has more than one energy demand, most often the systems applyiftatéonomb
of all three demands (DHW+SH+C6%), anothersevenapply for a combination with domestic hot water
(threeDWH+C — 11%, four DHW+SH-14%), the combination of cooling and space heating also appears four
times (14%). Only four SHC plants serve for a single demand of cooling (theégahd domestic hot water
(one,4%).

The analysed systems are dominated by small scale systems with a total heating/cooling capdeity of b
10kW (c.f. Figure2) and hence also deér rather small amount of energy over the year of beloM\h.

The smaller systems in the assessment are mainly PV systems, whereas most of the solar thersrizhggste
an energy production of more than 100 MWh (Ei§ure3). The medium sized systems are dominated by
systems using heat pump in combination with solar thermal collectors and PV systems.
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Figure4 is showing the differentiation of the analysed plants into their design and data available for the
analysis. Typical designs can be grouped into full load or base load and is summaritadfessons.

18% of the systems are design fgpical base load with solar fractions €80The majority 17, 61%) is
designed for moderate solar fraction (still base l08X)systems Z1%) reach the upper limit of solar
fraction >7®@6 and can be treadeas full load design, wheretisee(11%) of them are designed for solar
autonomous operation.

The calculation of the solar fraction needs to be distinguished between electricity or thermaybieses.
The solar fraction for thermal basggstems is calculated as solar input divided by solar + energy carrier
input. If solar thermal is supporting an electrical driven heat pump, the thermal input of tharhpas

used to calculate the solar fraction. For PV supported sgshenfV yield éss the grid feed in is divided by
the overall grid + PV electricity used for the HVAC system.

The data available for assessment is crucial especially for the economic analysis. Only if datalbiyear

is available the calculation of levelized cosenergy and derivative economic key figures is reasonable. 24
(86%) of the plants can provide this annual energy balances and data. The refoaingygtems 14%) are

only analysed under technical considerati@ihough the comparison of the technioay figures might lag
because of profitable boundary conditions under the period

Design, solar fraction Period

30-70;17;61% i 70-90; 3; 10%

;

spec; 4;14%

>90; 3; 11% annual; 24; | f‘ ‘
86% {

<30;5; 18%

Figure 4. Overview of chosen SHC systems for the assessment summarized by the ukeign, solar
fraction in % (left) and the period under consideration of monitoring or simulation (right)

Simulated and monitored systems are analyzed in this assessmentstadystems (3%) are already
built and in operation and thus monitored data is available. The majority of nineteen syStgrarn®
theoretical results of simulations.

Half of the systems are located in more northern climates and half in more southern sites.
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Figure 5: Overview of chosen SHC systems for the assessment summarized by the source of data
(left) and location (right)

The overview of the mostnportant characteristics afl 28 SHC systes is shown imablel. It appears
that 17different system are analysed but over&8lt@nfiguration or cases were analysed. The derivative
systems are number by lowercase letters accordingly.
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Figure6 is showing the relative distribution of energy demands that were satisfied BiAthsystems. The
figure is arranged according to the technologiesHigiurel) and ordered by increasing capacity (from left to
right). The correspondg plant number and the absolute energy demand (in MWh) are shown eaxise X
and the bar caption accordingly.

In general, it can be seen that the larger systems typically satisfy more than one and ofteanriore th
different demands. Contrary smallrstems are often designed for only one siaglgication. The majority
of the larger systems are solar thermal supported systems using hot backepsNone of the PV supported
but also of heat pumpased systems serves for more t6&nMWh, on the other hand seven of eight ST
systems covers more than 100 MWh of energy demands.
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Figure 6: Relative distribution of energy demands satisfied by the SHC systems arranged according
to their basis technology andcapacity. Numbers in the bar refer to the absolute energfMWh]
delivered by each system

3. T53E4 Tool:Assessment / benchmarkirdethodology

Assessing the performance of different SHC syst@ma common comparable format complicated by the
numerous applications (e.g. space heati®H. domestic hot water DHW and cooling) alternative energy
sources and design possibilities. Furthermtnere are a number of different energy units with different
thermodynamic or gemhouse gas emissions implications (e.g. primary engrggmal energy and electrical
energy). An evaluation procedure can be applied across a number of alternative system bouneseies. Th
system components are interacting with each other and influatheirmystem performance.

To analge the system performance gmelforma comparison between completely different system designs
and sizes a holistic analysis is necessary. Therefarevaluationools,named T53ETool (Task 53Energy
Ecology-EconomyEvaluationTool), was developed within the SHC Tas&(Neyer et al., 2016pr assessing
solar cooling and heating systems on technical and economic level based on monthly energy baknces.
tool is base@n prior work of IEA SHC TasB8 (Napolitano et al., 2010; Fedrizzi et al., 201EA SHC Task

44 ((Malenkovic et al., 2013nd IEA SHC TasK8 (Neyer et al., 2015)

The T53E4Tool assessment is based on energy balances provided by simulations or monitored data on
monthly and yearly &sis. It provides a wide range of fundamental data for several technologies and
components such as efficiencies, investment and maintenance cost but also country specificomfidkenati
energy prices and primary energy conversion factdraide varietyof sources such as P¥olar thermal
collectors natural gas boilersheat pumpspellet boilers or even district heating as well as different cold



sources such as compression chilldistrict cooling absorption or adsorption chillers and cooling toveens
be consideredt also includesnformation abouhot and coldas well as battery storages.

Furthermore, the energy flows and system layouts are defined by including the different eneitjgtineatt

are transferred from one to the other comparfembverview across possible component connections is shown
in Figure7 illustrated as energy flow (EF) chart. This-Efrart, that can be simplified according to the entire
system and its layout and provides an overview of tradedr@gmewable) energy, renewable sources and
energy demand<efined key performance indicatorare calculated for the overall system but also for
subsystems to have a better understanding and comparison of the different systems.

A wide range of key performance indicators for evaluating technical and econqumidy and cost
effectiveness are fylldiscussed and defined in the IEA SHC Task 48. For simplarnty the main key figures

are referenced in this pap&enerallymore than one metric will be required to capture a complete picture of
system performance.
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DHW, Heating & Sun Air Water Ground | |Waste Heat
Cooling i 1 1 1 T
PV energy I========ﬂ1’======%=======;‘;=_;;};==:=i:;=aﬁ=;==*l
L : i ) Battery Solar Heat
Re source/.smk [} Storage A Collector Exchange !
g EL from grid i ‘ ____________________________________ -
— tue . - P QP S
— - PV.EI s ,
Electricity T[co o L4 = HX.H1/2 elwo| § DHW
: posid CHP1/2.El! S HX.HS Distrib.
0 _— Primary Heat H1/2.Distrib ]
1 Ea . Source ELMH1 — T ' ELHD .‘
I ELH2 S dary o5y Storage .
1 emt| Heat Source HS.Distrib
Energy ! H1/2.C1/2 ELLH1 ELDH
Carrier 1 ELHS ~r~~~— o
il [ eSS e e R e LV Y =q--fF------f-====—=-
I ELHC1 C1/2.HX CD.HX
I r‘ EL.MC1 e
[} El.c1 Primary Cold Distrib.C1/2 H1/ CSHX
— : | _ Sourfe —_ CS.H1/2
pump I 5.2 y Cold Distrib.CS
(@) i Cold Source Hici Storage
- ot thermal energ;l .-
- COId thermal energy B e e e e -
) ELDE M Domestic
pi- electrical energy |l sYs ; Electricity
Drginaly covs o) . Adapted for IEA SHC Task 48 Adapted for IEA SHC Task 53
f;'::g;‘:s' : Z";:‘;t;'::;i::'" courseof . University of Innsbruck (UIBK) & EURAC by UIBK & AEE Intec Twyk, 3 =
Nomenclature
Primary Energy Factor, .
H HE Half effect SF Solar Fraction
(KWh/kWhee)
ACM Absorption chille HP Heat Pum SFE Single family hous
AHP Absorption heat pun | HST Hot storag SH Space heatir
. Heating  ventilation Solar Heating and
AWHP Air water heat pum HVAC . D SHC .
pump and air conditioning Cooling
Key Performance .
C Costs KPI 4 SIM Simulated
Indicatol
. Levelized costs df Seasonal Performance
CHST Chilled water storage | LCOE SPF
9 energ Facto
Coefficient of] .
COoP LCA Life cycle assessment ST Solar thermal
Performanc




CR Cost ratio -) MFH Multifamily houst T Temperatur
DE Domestic electricity | MPG g’:}fg}" Propylené r53  |EA SHC Task 53
. Primary Energy Rati Thermosactive
DHW Domestic hot water |PER ) PTABS building componer
DOD Depth of discharge | PV Photovoltaic system |VCC Zﬁﬁgﬁr compression
EC Energy Carrier (=fue |Q Energy Efficiency
EER Energy efficiency rati | RH Relative humidit
fsav Primary energy savin | SE Single effec
Global warming Seasonal Energy
GWP potentia SEER Efficiency Ratio -)
Subscripts
ar Annualizec MON  Monitorec HD Heat Deman
tot Total out Outpu cold Cold
ref Reference syste loss Losse: hea Hea
SHC  Solar heating and coolif %ackup Backupheating system | solar  Solar
(system
el Electrica Sys Solar systel WD  Domestic hot watt
eqL Equivalen CD Cold water demar C Cooling
sa\ Save DC District cooling demar | HB Heat boile
NRE Non-renewabl DH District heating demar |EC Energy carrie
in Input grid Grid (electricity

The T53B-Tool includes a technical as well as an economic analysis. Instead of showing absolute results
which are depending on a lot of different boundary condititesperformance of the entire SHC system is
compared to a predefined reference system. The reference system ensures that the resultsarige wide r
solar cooling and heating systems armmparable.

The reference system defined in T53 uses a natural gas boiler as heat source afndchedaiapour
compression chiller for cooling. The analysed systems are compared to this refgstacegbut the tool also
providesthe possibility to comgre the values with a specifiaser definedyeference systemwhich can be
chosen individually.

3.1.Technical key performance indicators

The technical assessment is based on the efficiency of the system that is calculated from negihly en
balances of the heat and electricity. In addition to the overall performance of the completeatoigrand
cooling systemthe T53-E4tool divides the results in further subsystems (coppgce heatinglomestic hot
water, district heatingdistrictcooling)

Appropriatekey performance indicators (KPare used for the comparison of the overall SHC systems with
the corresponding design. TBeasonal Performance Factor (SPRYr a given system boundary is generally
defined as the ratio of useful eggr(supplied to satisfy the needs of the application) to energy effort from any
source. The SPF can include several auxiliary components within the defined boundary and isdcalcedat

a defined period of time (e.g. annual or monthly). Well known SRiHsased upon thermal or electric energy
inputs.

However the electrical SPfcan be misleading when a system with different energy inputs (thermal and
electrical) is analysed. The SkPRight show high results even when large amounts of fossil fuel (e.g. gas)
back up is consumed with overall poor environmental performance. ThertsRrimary Energy Ratio

(PER) and derivative key figures like the electrical equivalent gRHdnon-renewable primary energy
savings (fav.nre) are calculated and provide a better base for assessing different SHC systems.



X Nonrenewable Primary Energy Ratio (PR

The nonrenewable Primary Energy Ratio (PR converts all nomenewable energy flows tm primary
energy equivalents. This provides appropriately comparable quality ratings for energy derivdtefrativee
electricity VRODU DQG IRVVLO IXHO KHDW HQHUJ\ VRXUFHV ,WQdkV GHIL
supplied to safy the needs of the building) to noenewable primary energy (electrici®.in and other @
energy carriers) scaled by the corresponding primary energy conversion Fatttaonsiders all energy
required for production of the energy carrguch & extractiongenerationtransformationor transport and
therefore takes their influence on the environment into account. TheEERalculated for all nonenewable
energy inputsfor the different subsystems and also for the entire reference SYREERke. re).
, AEy,
2 4@ E 3 ———NAL.Ouaﬁ
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A high value for PERse indicates that the heating and cooling services can be obtained with a relatively small
amount of fossil derived energy and the system is environmentally friendly. Howakezs for PERe (in

a magnitude of ca. 1 to 2.5) are not directly comparable aviyy widely available industry figures of merit
such as the EER or SEER of a vapour compression chiller.

For comparison with conventional technologiassimple reference system can be defined based on known
useful heat consumption (measured or simulegedlts) for DHW SH and cooling. The reference system of
Task53 contains a natural gas boiler and arcawled vapour compression chiller. A small hot water tank for
domestic hot water is included as well aok-waterstorage volume. No hot water sige is considered. The
specific reference system can be chosen including biomass puibtes storagesetc. Additionally, the
parasitic electricity consumption for the reference system (e.g. mileps etc.) in kWh, is defined. Heat
losses of a ference domestic hot water tank are calculd®ed.2 shows the calculation of the RlrRes
AByag
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Certainprimary energy conversion factor§ifor each type of energy source have to be provided to calculate
the PERRe. The primary energy factors depend on local conditions (e.g. the source from which local glectricit
is derived) and can vary over the entieay. Especially when PV or other fluctuating renewable electricity is
included the yearly trend should be used.

x Nonrenewablgrimary energysaving (fav.nre

The norrenewableprimary energysaving (fav.nrg represents the percentage of reduction inneorewable
primary energy for the application compared viltle reference (business as usual) syst&enerally,the
reference system can also be another renewable system. The-RERes the same calculatimethodas
PERre but takes the standardized component information to calculate iteenewable primary energy
demand. The nerenewable primary energy savings.(firg can be calculated as follows (Eg. (3)).

E%EAqy N
Boogesm 1 Frgg o' ®
The fav.nreCcannot exceed a value of 1 but can be negatigpending on the choice of reference system
(standard or renewable) and the performance of the SHC system (auxiliary electricity demandiland foss
backup). A high v.nreindicatesthat a high solar fraction is given in the entire SHC sygitits compared
to a nonrenewable reference system)

The savings are used to generate a labelling to express the quality of the SHC systems. Thdddizedta

on the European energy lalied] guideline 2010/30/EU (2010). The rating levels start from A+++ (best rating)
to G (worst rating). If the considered SHC system has a lower primary energy demand than theereferen
system thesfy.nreiS greater than zero. The energy label is calculateall subsystem (SHDHW, C, etc.) and

the total system.



x Electrical equivalent Seasonal Performance FactorgPF

The*“Electrical equivalent SPF” (SRfg combines all nomenewable final energy sources (both electrical

Qe and energy carrier Qec) by converting them into primary energy flows expressed in electrical equivalent
units. This is achieved by using the relevant-remewable primary energy faRtUV IRU HQHaRdV UL FLW
HQHUJ\ FDUULHU D Q\ ely.LTQeSHEL IS Balit @atetb@ Xy q. 2.
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The electrical equivalent Seasonal Performance Factor for a srggsy. cooling SRk.9 can thus be used

to compare the application performance with a commonly used SEER exadmewhen hot backup is used as
part of the heat supplied to a therrdéivenchiller. The SEER declares the efficiency of a component under
standardized testing conditions. The actual system performance is often much lower than these®SER v
(cf. Wiemken and Eliag2013) Nocke et al(2014)and many more). Same SRfndicates finally an equal
primary energy demandlthough the systems are supplied by different energy quantities.

3.2 Economic key performance indicators

The economic analysis is based on the cost rBiiereforethetotalannual costs for investmemnéplacement
and residual valyemaintenanceenergy and water cost are calculated automatically by the*TE&# based
on predefined values representing cut off values defined in Task 53. The annualized costs for thestntire s

are calculated byneans othe annuity methqdderivative key figues (e.gprimary energy avoidance costs
etc.) can be calculated easily.

X Investment & replacement costs

Specific costs for the main components include economy of iss@etmeniprices. The greater the capacity
of a certain component the cheaper is tleeiie investment cost. Examples for different types of chillers are
included inFigure8. The investment curves indicate typical average and cut off values mainly vatatia
Europe. For each component the estimated lifetoosts for maintenangservice and inspection are defined
under consideration &DI 2067 (2012) It has to be notethat significant deviationsf investment and energy

prices tospecific projects may occutrhereforeall values may behangedand user defined values can be
implemented in the T53ETool.
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Replacement cost and residual values for each main component considering the lifetime of the ¢emponen
and the inflation rates included for all main components

x Consumption bag cost: maintenance / energy / water

For each componem percentage for maintenance costs per year is fixed in relation to its investment costs
following the suggestions of VDI 2067. Huge differences occur at domestienercial or industrial costsrfo
different energy quantities. Domestic prices aigher butare mainly based on energy consumption.
Commercial and industrial prices have lewergybasedcosts but can include capacity pricéable 3 is
showing the prices used for electricity and natural gas.

Electricity—energy 10 ct/kWh Natural gas- energy 5 ct/kWh
Electricity— power 80 €/kW Natural gas-annual 70€/a

X Levelized costs of energyLCOE

The costs for each category (9 categori@gestment, replacement, maintenance, electritaggin, energy
carrier,waterand domestic electricijyare summed up and discounted to an annualized valyeafCording
to the defined economics (including inflation rateedit rates,etc.). The ¢tal annualized cost (&) is the
sum of yearly annualizezbstsusing the set of standard costs in the assessment tool.

%Bacac AL %o ®)

TheLevelized Costs of Energy of the SHC (LCOEc) and also the one of the reference system (L&€E
are the ratio of annualized costs to the overall useful energy provided to the application (Eq. (6))

AORUR

1= = - - A - -
0 EupaBEy . papbBip paBEep paBEur pabEpyy (6)

Neverthelessto avoid the discussion of absolute costs (e.g. when only taking sub systems into assessment) a

cost ratio is calculated by comparing the Levelized Costs of Energy of the renewable systemg with th

Levelized Costs of the reference &yss.

X CostRatio-CR

The cost ratio is calculated by comparing the total levelized energy cegtef(tbe SHC system and the total
levelized costs for the reference system. The tool calculates the levelize €8AMS &1l energ) based on the
annualized costs (investeplacementmaintenanceenergy etc.) and the delivered energy flows of the

application.
Yo Oh1’
0/ 4: RUAR
° BUAT- (7)

Main assumptions for the calculation of the CostRatio are summarized in the follbaies!.

Period undeconsideration 25a Inflation rate 3%
Credit period 10 a Inflation rate electricity 3%
Equity ratio 0% Inflation rate others 3%
Credit interest rate 3% Public funding rate 0%



4. Summary of technical and economic results

The economic assessment is based on standard values defined in the T53E4 Tool with standasdized cost
(investment, energy, fedd, economicsgetc.)and efficiencie{SPFes, boiler, etc.) Individual costs can be
calculated by th#ool butare not considerelderein orderto generatea base tdoenchmarkhe systems. The
economic assessment of the analyzed SHC systems is based on déffelerdf detail

4.1 Investment cost

The first level is based on the initial costs; thus, investmens @st analyzed only. An Invest Ratio is
calculated comparing the investment of the SHC system and the standardized reference systeatiolf the
results in values greater one the initial costs for the SHC system is larger compared to thHelstadet o
accordingly. Values smaller one could be reached theoretically but are unlikely when using Zizechdasds,
nevertheless it could be reached under consideration of investment subsidies, future costs evoliien
project specific circumstances.

The blue bars irrigure9 andFigure10 show tle specific costs of investment for the SHC system based on
their heating and cooling capacities and the entire solar collector (PV or ST); the yellow bathehgpexific
investment costs for the reference system of the same capacity. The figuresaghbe ithvestment costs of
both, solar thermal as well as Riviven systems, are higher than the reference system, thus the invest ratios
are greater one.

In general, the specific costs for the systems get lower with a greater capacity. Same ocauirs/&sttratio,
which gets smaller with larger capacities, but is more depending on the specific applicatiba gesign
(solar fraction)pf the system than only on siZighe specific investments of the solar thermal supported system
start atroughly 2°000€/kW and drops slightly below 1°‘000 €/kW. The combination of solar thermal and heat
pumps shows higher specific investments starting at 330K and dropping down to slightly above 1’000
€/kW.
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The variation of the spec. investments is much highdneaPV driven systems. Some of the systems show
investments greater than 4'08(kW (also designed to provide PV electricity for household) a large number
of plants results in investments of roughly 3'CB8W; nevertheless, with larger systems ratios Wwelbw
1'000 €/kW are reached.
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Figure 11 shows the invest ratio for all systems arranged in coherence with the achieveshewable
primary energy savings and as frequency distribution graph (histogfaend wise the investmenrdtio is

getting larger with larger solar fraction and rremewable primary energy savings respectively. The systems
designed to achieve high noenewable primary energy savings or complete solar autonomous operation come
up with the highest investmeratio. The majority of the plants reach an invest ratio betwearid 24,

above and below, there are equal numbers of plants. Three outliers, which are all PV suppantedsilste

for household electricity supply and thus not reflecting the cosedatian to the HVAC, reach a ratio greater
than 4.
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4.2 Total annualized costs

The figuresaboveshow the comparison of investment costs, but do not consider the costs and savings during
operation. Therefore, the systems are also compared on basis of the total annualized costs fineluding
electricity costs based on the energyduaiion, maintenance, water and replacement costs over the whole life
time of 25 years.

In Figure12 andFigurel3 cost distribution based on annualized costs is shown for thetketanal and PV
driven systemdf the data available is less than one year4fplants: #1314, #1617) the cost distribution is
not shown as it wouldistort the analysisihe systems are sorted according to tAgiount of supplieénergy
(demands), the more energy supplied the further right they are arrangedehal the share of investment
replacement and maintenance (as both are calculated depended on inveistgemiess the more energy
demand is required by the system.



The main cost driver of the investigated SHC systems are the investnteeinergy costd-or the solar
thermal systemdhe fuel costs for the backdenergy carriefor heating, electricity for cooligcan get larger
shareswhereas for systems combined with a heat p(8ig-HP, PV)the electricity costs are dominating

The solar thermal driven systems come up with investrshares of 360% and operatiebased cost (energy
carrier and electricity) of 250%, remaining costs are used for maintenahlge.solar thermal and heat pump
combinationsare clearly more dominated by investment as they are smaller systems andpgbeearnt costs
of the heat pumps are higher than ordinary backup boilers (e.g. natural gas).

The graph for electricity driven systems includes the-feebmpensation, displayed as negative valaas
if present the house hold electricity costs. The itmest shares for combined ST&PV systems is at the highest
level of roughly 5560%, these systems further showoperatiorbasedcost share of 20% and maintenance
costs of roughly 15%. The pure PV supported system have varying investment sharé8%f@0smaller
systems and 280% for larger systems. The rest of the distribution is the same as for the ST systems,
dominated by operational cost (electricity) and1B96 of maintenance. The electricity costs for the systems
are put together by electricitl @ €cent/kWh) and capacity prices (80 €/kW). Depending on the country
specific boundaries and the size of the system a pure ebasgy price might be more realistic. If the costs
of electricity equals 28cent/kWh and no capacibased prices ameposied roughly the same costs would
occur.
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4.3 fsawre vS. CostRatio

The overall assessmenf the technical and economic performance ofSHE systemss shown as coherence
of the nonrenewable energy savingfsawse) and of the CostRatio (CR). The CostRatio showsthe ratio
between the total annualized costs of the SHC system compared to the total annualized costfeddnbe r
system. A CRyreater onéndicateshigher annualized costs for the SHC system and Bb@& oneannualized
cost savings for the SHC system. The difference to the investment ratio is that it consideestheeimcosts
on annual basikutalso includes the costs during operation.

Following general format dfigurel4is used often in further chapters and is showing the CostRatio in reversed
order, thushe more beneficial a systefmmet more it will appear at the top of the chart. The-reewable
primary energy savings are arranged in normal order, thus the more savings a system can aoegétthe
will appear at the righhand side. The reference system is present at cero sarndg CR of one.

The comparison of the economic and technical performance of the systemsislgemeralthat higher
primary energy savings result in higher cost rafltere are also examples showing that with a-detligned
system it is possible tachieve both, high primary energy savings as well as a cost competitive Skisgem.
majority of the systems can achieve savings above 4bfbst half of them can reach CR smaller one! Details
of the distribution are detailed igure15. As Figure14 is showing the result of all systems (ST and PV
supportedihe following evaluations try to separate the systems according to their main characteristics.
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4.4 Trends

Since it is difficult to draw the rightonclusion of a high number of individual systems, they are clustered by
different characteristics like technology, location, application and load and compared trenccaridimgdo
their technical and economic performance.

4.4 10verall

The trend analysis @l plants shows that both, solar thermal as well as PV driven SHC systems are cost
competitive at lower solar fraction and lower primary energy savings respectively. The costratieda

with the increase of primary energy savings. Neverthelessn ibe seen that the variation in this area is
much higher and there are several examples showing also cost savings at high solar fraction.
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4.4.2Technology:ST vs. PV

For this comparign the systems are classified by the usddrtechnology. The distribution of the used
technologies is the following:

x ST (6): #la, #1b, #7, #9a, #9415

X ST + HP (6): #2b, #2d, #3, #8a, #8b, #10

X ST+PV (2): #2e, #2f

x PV (10): #2a, #2b, #4, #5, #9b, #9812 (#6, #11a, #11b)
X Notincluded §): #13, #14 #16, #17

The systems #134 and#16-17 are not included in the evaluation since no full yearly data are available and
therefore the fsawe and CR are not representative and comparable to the other systems.

SHC systems combining solar thermal collector with an additional boiler are cqsgtttora at lower primary

energy savings (280 %). At higher savings (7000 %) the cost ratio increases, but the trend shows that the
increase is less compared to the solar thermal systems combined with a heat pump. The reason is that
combining solar thenal collector with a boiler enables an efficient use of both technologies. As the SHC
system are characterized by relatively high investment costs but very low operational costs beeyiszh
efficiently to cover the base load. On the other hand, isoélee characterized by low investment costs, but
relatively high fuel costs and therefore are more efficient to cover the peak demand. SHC systesutans
collectors in combination with a heat pump, on the other hand, show a stronger increasewsfrcbgiber

primary energy savings, since these systems are mainly investment costs driven.
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In Figure18 SHC systemwith combined used of PV and solar thermal are displayed. Since the number of
representative systems is very low no trend coaldiown. On the rightand side the trend for the RWiven
systems can be seen. It is shown that the CR is increasing slightly with the increasecolemable primary
energy savings. Some examples show that-eedigned PMriven systems can be cosingpetitive also at
higher environmental performand#&ants #6, 11a, 11b are excluded from that trend as the serve for domestic
household electricity.
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4.4 3L ocation: North vs. south

The comparison is classified by the location of the SHC system. The systems are separated linasmlther
northern climate with typical heating and cooling loads. The distribution of theteskdologies is the
following:

X Southern (1):
x Northern (B):
X Not included 4§):

#1a, #1b, #2a, #2b, #2e, #4, #5, #9c, #9d, #1B6
#2c, #2d, #2f, #3, #7, #8a, #8b, #9a, #AIP (#6, #11a, #11b)
#13, #14 #16, #17

The comparisoim Figurel9 clearly shows the difference between the locations. Whereas the systems located
in the south can compete cegise with the reference system also for higher primary energy savings the CR
for northern systems is increasing strongly. The main reason fgotteperformance of the southern region

is the higher solar yields over the entire year, as well as a longer cooling season with highter Usadthe
abundant available solar energy more efficient in summer.
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4.4.4Combination: Technology and Location

The two previous trends are combining a lot of different boundaries either for location or folagghthus
this comparison is combing the two categeraccordingly.

X ST-South (6): #la, #1b, #2b, #9c, #10, #15
X PV-South (5): #2a, #2e, #4, #5, #9d

x ST-North (6): #2d, #3, #7, #8a, #8b, #9a

X PV-North (4): #2c, #2f, #9b, #12

X

Not included 7):  #6, #11a, #11b, #13, #14, #16, #17

The trend inFigure20for PV and ST are almost equal in that arrangement. For the southern location the PV
trend is showing slightly lower CR, for the northern locations is reversed and ST is showingah€Rsv

The general trend for southern compared to the northern locations is like above very clear; staaviang
southern location the CR are below a CR of one for almost all plants, whereas for the northiemndabat
system with low savings can reactstequity and additional cost of >40% occur when savings of 80% should

be reached.
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4.4 5Base vs. full

The heat or cooling load which is covered by the SHC system has a strong influence on the amosidized
Thereforethe systems are classified in 4 sections based on their solar fraction with the following distributi

X SF<30 4): #2a, #2c, #,/#9b

x SF 3670 (15): #1b,#2b, #2d#2e, #2f, #3, #5, #6t8a, #8b#9a #9d,#11a, #11b#12
x SF 7090 ): #1a,#4, #9c,

X SF>9082): #10, #15



X Notincluded §): #13, #14#16, #17

A few systems are designed for low solar fractions <30% anchjority of them can reach CR smaller one
or close to one. Only system #7 is showing with its biomass backup boiler results in relativedsgheviost

of the SHC systems %) are designed for a solar fraction between 30 and 70%. There are severasthat
achiee cost savings, whereas others have significantly higher costs compared to the referenc& Bgstem.
trend is showing a lower gradient, indicating lower cost increase to reach the same savingsasvgtiar
fraction, nevertheless i iobvious that the more base load the cheaper a system.

Figure22 show the trend for higher solar fractions. The trends are shown only-881%@ategory but as only
three systems are including no comparison should be performed. Nevertheless, all $ysteaE€R lower
than 1.2 or even below 1 indicating very efficient designs.
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4.4.6Number of application

In principle SHC systemare able taover the space cooling, space heating and domestic hot water demand
or several different applicationsut not all of thenalyzed gstems cover all three demands.

One applicatio (1): #4
Two applications (9): #1a, #1b, #5, #8a, #8B11a, #11b#12 #15

Three applications @): #2a, #2b, #2c, #2d, #2e, #2f, #8,#7, #9a, #9b, #9c, #9410
Not included 4): #13 #14 #16, #17

X X X X

There is only one system that is designedaweer only one demand (#4 DHW only)he systems covering
two demands show a slight cost increase imitheasingorimary energy savings, whereas the systems covering
all three demandshow a strongr cost increasevith increasingprimary energy savingfNevertheless, the
absolute results show more economic successful results if three demands are handled.
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A possible explanation can be found in the complexity of the systems in comparison to the yeateraurd.
Satisfying two demands is less complex but might end up in less demand. Increasing ritreenaible
primary energy savings seems to be less efflous leading to lower gradients in the trendlines.
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CostRatio [-]

4.4 7DHW vs. SHvs. C

The analysis of the specific application is aligned the same direction as the trends accordimgnbéh of
applications. The systems distribution is almost even, thus the trends can be compared in aticepnsci
although the system performance is depending on the ratio of the particular demand andyistesub

efficiency.
x DHW (20): #1a, #1b, #2a,2b, #2c, #2d, #2e, #2f, #3, #4, #6, #7, #8a, #8b, #9a, #9b, #9c,
#9d,
. #12
X SH (18): #2a, #2b, #2c, #2d, #2e, #2f, #3, #5, #6, #7, #8a, #8b, #9a, #9b, #9c, #9d, #10,
#12
J #15
x C (20): #la, #1b, #1c, #2a, #2b, #2c, #2d, #2e, #2f, #3, #5, #7, #9a, #9B9H9¢,10,

#11a, #11p#15
X Notincluded (5): #13, #14#16, #17

In the followingFigure25, Figure26 andFigure27 the trends are shown on system level (left) and for the
entire subsystem only (right). The trends of the ssystems show lowest CR and lowest gradient for DHW
(year around usage), followed by cooling and Imgafihe trends ofystemshow a very similar behavidor
DHW, SH and CEach line reaches cost parity between 40 and 50%ermwable primary energy savings.
Thus,thesystemslesignfor each of the demands can lead to very economic sysignalso to high savings.
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The lowest gradient can be achieved by systems including cooling, followed by systems with duhestic
water and space heatirlg.any case it should be noted that the overall gradient is very depending on the

ratio of the subsstem and its respective efficiency.
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#1b, #2a, #2b, #2c, #2d, #2e, #2f, #3, #6, #8a, #8b, #Pa#66, #9d, #10,

#1la, #4, #5, #7, #15
#11a, #11b, #12

#13, #14, #16, #17

4.4.8Monitored vs. simulated
In the following trend the comparison of monitored and simulated systems is performed.

X Not included (4):

X Monitored (5):

X Simulated (19):
CostRatio’s. The trend is mainly driven by plant #7 and its expensive $sdmaakup. Not included plants are

The results of the monitored plants are in the higher range of savings (>70%) but still show blempara



all monitored but cannot provide yearly data up to now. All remaining plants are simulated amdraagized
in Figure28 (right hand side).
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4.4.9Size: small vs. medium vs. large Capacity

The size (its capacity arhergy demand} highly influencing the results of CostRatio, thus the comparision
of the three categories small (<10 kW), medium100 kW) and large (>100 kW) is performed next. The
results would be almost the same for the categorizing according eméhgy demand and is therefore not
shown.

Smallsize, <10 kW(8): #2e, #2f, #4, #5, #7, #8a, #8b, #12, #15
Medium size, 16100 kKW (5) #2a, #2b, #2c, #2d, #3,

Large size, >100 kW (7) #1a, #1b#9a, #9b, #9c, #9d, #10

Not included 7): #6, #11a, #11b¢13, #14, #16, #17

X X X X

The trend of the smaficale plants shows that the design is rather aimed on high savings, thus it results on
higher CostRatios. The medium range plants show that with smaller savin§8%3ost equity can be
reacheddér many cases, if the savings are getting higher the CostRatio is increasing up The@fénd of
largescale plants is showing the lowest CR for the complete band width of results of savings.
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4.4.10. Specific time period

Systems #134 to #16-17 do not contain full yearly data and therefore cannot be cewchfarthe other
systems. The analysis is based on measured data over several days or months. Since the sysimegerfor
is not constant over the year the achieved results very much depend on the measured time aRdriezson.
the results for th€osiRatio needs to baken withcare snce the CostRatio is based on tb&al annualized
costsincluding operatiorbased codbut the total energglemands not known theCR’s might behigher than

for full annualdata.Nevertheless, these systems under ldgveent present a very promising initial position
coming up with high nomenewable primary energy savings at comparatively low costs.
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5. Sensitivity analysis on boundaries

All above presented results are based upon some predefined technical and economic boundarg.ddndition
one of these boundaries is changing the results might change more or less significantly. Thusiathe c
bounday conditions are evaluated with a sensitivity analysis. Accordirsghyhpoundaies are changed in a
wide range and the results are summarized for the overall trend, and the trends for northerthand sou
location separatedccording to the underlyingdenology (PV or ST).

The six parameters and their rangeafiationareshown inTable5. Each parameter is varied seven times in

a selected range to represent a reasonable and market relevant kengsiation is given in % compared to

the base case (100 %Dhe results of each single sensitivity analysis are discussed below accordingly.
Concluding the chapter, the interpretation of changing reference technology is briefly explained.

Parameter Unit / Value Variation [%]
1 2 3 4 5 6 7

Investment Co: (E/IKW) 40 |55 |70 |85 |10C|118)13C
Electricity price (10 ct/kWh' 5C ]10C |15C | 20C | 25C | 30C | 35C
Natural gas pric (5 ct/kwWh' 50 |75 |10C |12t |15C | 17E | 20C
Auxiliary deman (KWhel) 50 |6C |70 |80 |90 |10C]|1ic
Energy outpt (KWhuse 80 |90 |10C|121C|22C|13C | 14C
Conversion factc (0.4 KWre/kWhnre) | 80 | 90 [ 10C | 11E | 23C | 14& | 16C

5.1.Investment

The investment cost for all components (SHC + Ref) were changed accordialle®, in the graphs four
selected results are presented. The investment costs are changed in 15% steps from incredd&da)dsts (
decreasing investments (85, 70%) accordingly. If the levelized cost are more investment domefétetthe
of thissensitivity is larger. Investment costs are only affecting the CostRatio, the energy savingmtifehe
system does not change.

Figure 32 is showing the results of changing investment costs on the overall trend of all 28 analyzed SHC
plants. The impact of the change is more relevant at higher savings, this is congruentfilodprgs, that
higher savings require higher investment cost (larger solar fraction with larger collector fields).

The origin trend (blue) starts with a CR of 1 at 30% savings and reaches a CR of 1.25 at rouglalyifg8o

The change of £15 % in invesént is having more effect when the investment costs are higher (115%
compared to 70%). Accordingly, the trend lines are not equidistance and have higher divergegtuer at hi
energy savings. If costs can be reduced1®y6 (green) energy savings of 65 % d¢ee achieved with a CR

below 1 and thus representing costs lower than that of the reference system. If the costs caedbéyed

30% (orange) the gradient of the trendline is getting smaller, starting at a CR of 0.85 and teaddir) &f

0.9. Thus, th costs of the SHC systems are lower than the reference system also when high savings can be
achieved.
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The sensitivity on investment costs for the southern and northern locations separated in STugmibR&ds
systems is represented figure 33. The effect is larger in northern located SHC systems gsatteemore
investment dominant compared to the southern location, were the (cooling) demand and thusasis farel ¢
more important.

The southern origin trend (left) starts at a CR of rougt8yadd reaches 1.1 for ST supported and 1.05 for PV
supported systems. If the investment costs can be decreased this small advantage of PV is Eqeatizeds

for ST and PV gets equal 5%, ST shows a small advantage3i%. This change is poinginon the fact
that ST is slightly more investment dominated compared to PV driven systems at the same leirgjf sav

The northern trend is representing a much stronger gradient compared to the southern locati@isallts
trend starts at a CR ofughly 0.9 with savings of 30% but is ending at higher savings at a CR of 1.6. In the
northern locations the PV is showing slightly higher CostRatio’s. If the costs are reduced algdrair@R

drops and a large part of the trendline is ending at CRéesittan 1. The change in trendlines shows that for
northern location the PV supported systems are much more investment dominated than the ST sopported
This is especially driven by the demands (heating and cooling) and its coincidence of sdddioinradt also

due to the design of the systems.
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5.2 Electricity costs

The electricity cosfonly affeding energy costdpr all systemgSHC + Ref)is changed according fable6,

in the graphs four selected results are presenteckl@tigicity costs are changed 5% steps frontlecreased
(50%) toincreasingelectricity cost4200, 300%) accordinglyThe base value before changarsenergy price

of 10€ct/kWhy. The electridly costs are only affecting the CR, the savings cannot change due to this
sensitivity analysis. The more electricity is used in a system, the more sensitive the CR

The overall trends iRigure34 are showing slight changes only. The effect is greater at lower savings, because
more electricity is used in these systems. If the electricity costs are increasing the CR islageging



Nevertheless the effect is very small and the change of CRaisange of 10% at low savings and almost
neglectable at higher savings.
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If the trends are separated 8F and PV supported systems, the changes aregygitire noticeable. Irigure

35 the shown variation is smaller than in the overall trend. The change of electricity pE6&dsand up to
+100%, r@resenting an already realistic range, depending on the country and the conditions (private vs.
commercial prices). The PV supported systems are combined with electricity driven devices, tlaus they
more sensitive on the change of electricity prices Siasupported systems. Nevertheless, also some of the
ST examples are combined with heat pumps and vapour compression chillers respectively andetieediffer
gets balanced.

For the southern location, the ST and PV trend gets more equalized if the electricity priceasirigcre
Whereas the change for ST supported systems is larger at higher savings compared to PV supgorted sys
Thus,the auxiliary electricity demand of S3 largercompared to the PV systems. However, if the electricity
price rises up to 28ct/kwWh the trendline is below a CR of 1.

For northern location the picture is quite different. The ST systems do not show a noteworthtgemsit

the change of etgricity costs. The change of CR is below 10% at low savings and a few percent at high
savings. In contrast the CostRatio of PV supported systems changes by almost 30% (0@ kma s2)vings

with increasingelectricity costs.
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5.3 Natural gas cost

The natural gas costs (only affecting energy costs) for all systems (SHCis &efi)ged according fbable

6, in the graphs four selected results are presented. The electricity costs are changed in 2f68tnsteps
decreased (75%) to increasing natural gas costs (125, 150%) accordingly. The bdssfoadtiee change is

an energy price of 8ct/kWhyas The natural gas costs are only affecting the CR, the savings cannot change



due to this sensitivity analysis. Thegher the share of costs foatural gas used in a system (St + boiler or
reference),lte more sensitive the CR.

The overall trend ifrigure36is changing significantly with the change of natural gas costs. The original trend
line is shifted almost in parallel depending on the direction of change. If natural gas costseasedethe

CR is increasing, if the costs are increasing, the CR igasiog. When natural gas costs reachE¢t&wWh

cost parity can be reaetiat roughly 60% of nomenewable primary energy savings.
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The separated view @outhern and northern locat®is shown inFigure37. The picture is changing slightly
for ST and PV supported systems. For southaratiors the change for ST is pushing the trendline at highest
costsof natural gas toward cost parity at high savings (orange line). The stepwise change of gaagaioe is
leading to almost parallel shift of thiees, indicating that the majority &T supported systems is working
with gas backup und thus the ratio of fuel costs is not affecting. For PV supported systemttbeatféaming
gas prices is larger at lower savings than at higher savings. Overall the effect is more po&itveujgpoted
system than for ST systems. The PV systems reach a maximum CR of 0.9 at high savings.

Same is occurring at northern locations, the effect of changes in natural gas costs is affeCitgntire at
lower savings than at higher savings. In these c#se®nly change is the fuel cost of the reference system.
The ST supported systems are less sensitive on the lower side of savings than at the higher end.vEhe positi
effect is larger than for PV driven systems, the CR at maximum savings is almost &8s Tihis
characteristic can occur when the SHC system itself is also affected by the change of costgdadiacalp).
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5.4 Auxiliary demand

The electrical auxiliary demand for all SHC systaémshanged according tdable 6, in the graphs four
selected results are presented. The electricity demand is changed in 10% steps from increasgdemsitid
(110%) to decreasing electricity (80, 60%) accordingly.tR@iseparated view the decrease is kept in a smaller
range of 90 and 80% of the original demand respectively. The auxiliary demand is affecting tlee@Eit(e
costs) but also the savings (r@mewable primary energy share of electricity)

The changef the overall trend is shown Figure38, the less auxiliary electricity is necessary, the higher the
nonrenewable primary energy savings and tvedr the CostRatio. The change in savings is rsigr@ficant
than the change in cost and the changes are higher at lower savings than at higher ones. Tingheofarst
that plants that reach higher savings are already optimized in respect tacthieaéleuxiliary demand and
thus the effects are lower compared to systems designed for lower solar fraction-aedemable primary
energy savings respectively.

The separated analysis of southern and northern locatiigune40 is showing slightly different sensitivity
on the changefa@uxiliary demands. For PV supported syst¢iat are all based on electricity the change of
electrical auxiliary demand is almost neglectable. Its changing the CR at lower savings abouke5¥eréi

is almost no change at higher savings; same negledbebaviour is occurring for changes in the savings
itself. The effect for ST supported systems is not much more evident. There is almost no chawge at |
savings and but a slight decrease in CR{%9 and increase of savings{%o).
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For the northerplantsthe changes are different. The PV supported systems present a larger change in savings
(~15%) at low savings with only small effects on the CostRatio. The effects at higher savingsmarerfor

priority and almost neglectable. The effect on ST supp@ystems seems to be again neglectable at low
savings and in the magnitude of 5% at higher savings in both direction (savings and CR).
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5.5.Energy Production

The energy production (equivalent to more energy demand at a constant auxiliary demand) fanadl syst
(SHC + Ref)is changed according fable6, in the graphs four selected results are presented. The production
is changed in 10% steps from decrease (90%) to increasing production (120, 140%) accordingly. For th
separated viewhe increase is kept in a smaller range of 110 and 120% of the original respectively. The energy
production is affecting the CR but also the savings, systems that satisfy rather low energy deenarule
sensitive than large scale systems.

The change dhe overall trend is presentedHigure40, the more a system can supply the lower the CostRatio
and the larger the nerenewable primary energy sags The change is mosignificantfrom financial than
from environmental point of view. Systemat the lower end of savings are less sensiowle change than
systems at the upper end, as they are more investment daha@ndtéhus the change of proéacenergy is
more affecting.
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The separated sensitivity analysis is showRigure41 and representing differences for ST and PV supported
systems. The southern located systems are generally less affected as they mainly have largemsnsigy
and thus can operate alreadprethan in the northern locations. The effect on savimgsore relevant at
lower savings and more relevant #8¥ supported system®©ne major factor is the size of the systems, in
which the majority of PV supported are significantly lower in capaaityatso in energy demands that are
satisfied than the ST supported systems.

For the northern located systems, theatfie varying a lot, depending dine entire systems. The trend shows
a larger sensitivity on the CR for ST at lower savings compared.tatRarger savings the effect is larger for
PV supported systems compared to ST.
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5.6.Conversion factor electricity- el

The conversion factor for electricity for all systems (SHC + Refjanged according fable6, in the graphs

four selected results are presentElde conversion factor is needed to calculate theranawable primary
energy demand for allocation of each kWh electricity. The more renewable electricity (water, Wistt. P

is in stock the larger the value. As T8@ndard a value of 0.4 K\WRWhee is used. At present the value is
already larger for some countries (Austria, Germany, ...). Further this value is depending oncinéesgas
hydro power or PV in winter / summer) or even on smaller time periods (e.g. Wind). However, atconsta
annual mea value is used for the stdard T53E4 analysis, but the taifers the possibility to use / input
monthly changing values. Up to now only Austrian values were implemented as monthlyStddés 201h

as they need to be calculated and are not alagbdefault Thus, the monthly analysis is an open issue to
be done in future work.

Thefactoris decreasttdown t090% (lower value, e.g. in China) as well as increased up to 113.3Rd
accordingly. For the separated view the increaggénkept inalargerrange of B0 and 50% (roughly the
value for Austria)of the original respectively. Theonversion factor of electricitis affecting thenon
renewable savings only, the CostRatio cannot be influenced by this sensitivity analysis.

Figure42is presenting the sensitivity on the electrical conversion factor on the overall trend. The ¢hange o
savings depends on the system design and configur&iben the conversion factor is changed from 90 to
130% accordinglysingle plantshow a change ind nreof almost 20%, other plants a maximum change of
5%. The overall trendlines are moving towards higher savings if the conversion factor is ind\dzeseds,

due to the amount of electrical auxiliary demand the sensitivity is slightly larger at lower §aigs) and

lower at higher savings (~5%) where the plants are already optimized.
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The separated trends, which are significantly showing a diffaténtdefor southern and northern locations

is shown inFigure43. For the southern locations the change for both, the PV and ST supported systems, in
savings is up to 20% at lower savings and up to 7% at higher savings. Whereas the gradienns rclidngi

more for the ST supported systems, indicating that the influence at higher savings is much Ipaeedtoon

PV supported systems.

For the northern locations tf/ systems show a higher sensitivity at lower savind8%) compared to ST
systems (~7%)At higher savings the sensitivity is lower and reversed; ST shows a change of roughly 10%
compared to PV with 8%.
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5.7 Reference system

The reference system is predefined; it consistn@alir-cooled vapour compression chiller for cooling and a
natural gas boiler for space heating and domestic hot water preparation. The efficiency is ¢acotating
to the size of the chiller (different technologies with varying SEER) and the pafbfaad natural gas boiler.

Nevertheless, the actual reference system and its related efficiencies depend on many fadtoiSpairg.
there is a certain solar thermal fraction for domestic hot water obligatory; Irceesa reversible heat pump

for heating and cooling seems to be the correct choicef@fenceetc. Thus, the reference system must be
adapted on technical and economic side accordingly. If a project is analysed with the T53Edrtoi,ah
opportunity to adapt the local referensystem, but it is not in the focus of this analysis to adapt each analysed
plant with its corresponding reference.

However, the relative presentation of the results in terms of economics (CostRatio) and envitompacta
(nonrenewable primary energgavings) allow a rough estimation of changes in the reference system.
Although the trendlines could change its gradient and position, a single view on certain plaltthehou
possible.Depending on the specific energy demand mixture and indiviswaidaies for each casa new
origin can be calculated. An examplepigsented ifrigure44, two specific reference systems are calculated
for plans #9/band discussed briefly.

The two specific reference systems consist of a reversible heat pump with different seasomalyeffficiers
(theoretical and on total system levdlyy cooling and heating. The corresponding -nemewable primary
energy saving and CostRatio’s are calculated with the T53E4 tool. The investment, maintenance and
electricity costs are considered automatically by the T53E4 tool.

If the lower efficient heat pumef #1)is applied savings of 11% at 17% higher costs are achidubd.Heat
pumpwould bemore efficient(ref #2) higher savings can be achieved. The change is depending on the ratio
of heating and cooling demand that is satisfied (here heating is more domindwejnifestment costs keep

the saméhe CR is decreagjndue to lower electricity costs to a value of 1.1.

x Ref#l: heat pump with system SPE 4, SPlr = 3 Afsaunge=0.11, CR=1.17
X Ref#2: heat pump with system SP£ 5, SPlR =4 Asavnre= 0.32, CR=1.10

If the results are integrated in the standard figure the difference gets obviokg(cd44). The origin of the

T53 reference is shifted accordip. Both systems 9a (ST supported) and 9b (PV supported) account for cost
parity against the original reference systems a5 savings. Compared to both new reference systems the
CR is lower for the renewable systems. However, if the high efficientpleap system is implemented the
system #9b would result in negative saving2%); system #9a would only achieve savings of 3%.
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6. Conclusion

New SHCsystems can be very complex, since they are combining different technologies which interact and
influence each othetherefore the evaluation of the complete system as well as subsystems is challenging.
Within the SHC Task 5&n assessment tool (T538%0d) was developed for standardized technical and
economic analysis and comparison of SHC systems. The technical analysis is based on yearlyyr monthl
energy balance, whereas for the economic analysis standardized costs and efficiecoresdared.

TheT53E4 assessment shows different correlations and trends between the economic and technicakkey figu
of different kind of SHC systemEven thoug28 systems are considered for the analysis the critical mass for
statstically loaded results are not aebed and thus adding new examples can have a significant influence on
the specific resultdt is also evident that the contributions are made by participants of the Task and thus the
sunbelt regiofMENA, South Asia, America, ..\With its strongly growingmarket and interesting boundary
conditions are underrepresentétevertheless, the amount of analyzed systems is representative to show
overall trends, direct comparisons of trends needs to be taken with care.

A limited number of solar cooling installatie are available that are providing monitored data and these
projects often need to be considered as demos or pilot plants rather than purely commerciall$ysteioe,

the economic aspects of these projects must be considered with significant caxarfple, the SERM
project (c.f. chapteB.1) was installed under total commercial conditions but has been the very first installation
for nearly all the actors and especially the installer. This lehtostallation timelongerthan expected and
thus to higher cost (especially provisions for ypepted events).

Thus, the cost analysif all SHC systemand of the reference systgrarformed and presented herelzased

on the same assumptions. The real costs may vary significantly under different boundary conditions e
location (countries), exgriences of planers, installers, etc. Even the main characteristics of the reference
system may depend on the country or a complete different reference system would be more regeSentati
example, if a solar thermal contribution in the domestic héém@oduction or space heating is established in
the national regulation, then the reference system should inmhethsolar thermal facilityaccordingly(e.g.

like in Spain).

Neverthelessdr the assessment provided here it is important to have @mendent comparison between the
different technologies or systems, but when designing individual SHC system the local conditibbge mus
considered in each detaih the following section the results are discussed along some important headlines
representig ongoing discussions around the topic of new generation solar cooling and heating systems.

6.1.T53E4 Tool & Method

x The T53E4 Tool allows to analyses a given SHC or renewable system, its post processing simulated
or monitored data under predefined conditiorise technical and economic key figures are based on
monthly databaseseasonal effects can be considered. Howevdaily analysis is unseizable and the
performance is only judged under its monthly achievements. Consequently, if a system provides
advanages under certain conditions but get counterbalanced over a month (e.g. due to backup’s or
standby losses, etdhe benefits does not get recognized or rated.

x The aim of th&'53E4tool is to enable a standardized analysis of individual SHC systenisaaatbte
allow a comparisonnderSHCbut also other renewable concejptserms of technical and economic
performance. The economic analysis is based on standardized costs and predefined eféioigncies
conversion factorsheresults are compared to gedefined reference systenréapresent atiechnical
and economic outcom@sa normalizedvay, avoiding a discussion of absolute magnitudes. However,
the absolute values are calculated as well and can be discussed when needed.

X To provide sufficient fletbility the T53E4 Tool is evaluating two standards in parallel, the T53
Standard and a project specific oner Besigning SHC systesthe consideation oflocal conditions



is important, and the T53E4 Tool needs to be adapted accordingly. Furthpogbibility of
comprehensive sensitivity analysis is given and can be useful for the design.process

x During the evaluation of the 28 examples some major bug fixed have been completed but there is still
a potential of unmissed bugs as the T53E4 tool camsbe very generaHowever,the T53E4 tool
will be publishedwith all its documentation but without suppartd can be usddr assessments of
renewable heating and cooling systems

6.2.Small vs. large scalglants

X Amongthe analyzed projects, the coolingoeaity is in a range to be considered as s(b6@ <10
kW) to medium(21%< 100 kW)therefore scale effestverenot reallyachieved, and the benefit can
only be discussed theoretically

x However,the main matters are the entire decrease of specific gmnpaosts but also the cost
distribution. The ratio between component investment and labor cost / piping / monitoring etc. is
changingfor small compared to large scale plants. Thus, a focus for smallsystdensneeds to be
on easy to install and maaih systems

X Air-cooledsystems either PV or ST supported, might be one option. Especially for small scale
absorption chillers/absorption heat pumps the investment costs need to be decreased signlfieantly. T
implementation of the entire external pipitaythe chiller shows high saving potentials (installation
costs).

X Most of the smalscalesystemsanalyzedare PV supportedsystems. The main advantage using
Photovoltaic panels for small scale systems is that they can be connected to heat pumps at low
investment costs. Atandardsolar thermabkupportedsystem on the other hand requires rathege
investments like a coolingpwer which caronly be designed in aosteffectiveway when used for
large systems.

6.3.ST vs. PV

X The convenience of PV or ST is strictiglatedto the loads to be covered: if the system does not
foresee a sorption device, the application of ST has thethiggdvings when applied to the DHW
production and space heating (if the control strategies allow this mode). On the contrary, PV
applicatiors can reducéhe electricity demantbr cooling and, in the same way, heating and DHW
preparation.

X PV driven systemstrongly suffer from lack of long term monitoring feedback compared to ST ones,
the experiences gain in the last decade in the field of solar thermal cooling (e.g. IEA SHC Task 38
(Henning, 2006and IEA SHC Task 48Vugnier, 2011) are an important knowledge base.

X Regarding PV supported systems

0 A special focus should be on thepupling between the solaproduction and the
thermodynamic convertevgpourcompression chiller)Two directions are possible in general
(i) either the coupling is partial amdmplementedtby the grid,or (ii) the coupling is full and
directwhereaghe compresors are notmanufactured for such a variable energy souftke
compressor arenot adapteagxpensive batteries must be usAdocus on thananagenent
of the compressor(s) must be elaborated in close partnership with the compressor
manufacturer.

0 Another crucialcomponents the solar inverter becauiegives a margin to smoothen the
solar variability (especially through the MPPT tracker device but not only)

o PV driven systems need to be desigwith a control system focused on maximize the use of
the PV energyn thechiller / heat pump. These systems requirgeneralstorags: thermal
or electrical.



X

X

0 The use of surplus PV electricity (strongly depends on the design of the system) not used for
HVAC but still for selfconsumption in terms of household electricigeds to be considered.
This analysis is possible with the T53E4 tool but was not generally included as the examples
are to various in Task 53. With the increasing number of installed PV facilities, it can be
expected that regulation will focus on the Ba&l-consumption to reduce grid stress.
Regardingabsorptionchillers/absorptionheatpumps
0 Renewabldackup heat sources for thermally driven SHC systems should be exhausted as
much as possible. Fexamplenorthern European countries show a high pidéefor the use
of biomass driven district heat.
o In generalthere should be a higher focus @ammbining the cooling andeating purpose as
well (Space Heating, DHW). Systems that tudfill both, heating anatooling, in an efficient
way thatcan bemoreeconomic
0 In case of small scakbsorptionchillersheat pumpshe focus should b lower investment
costs for the component itself but especially for piping and external effort
Those system that combine ST and PV which were analyzed here aig@meiith high CostRatios
at moderate solar fraction und thus moderatereoewable primary energy savings. PVT was not
used in any of the 28 examples analyzed. However, it is, as it is the case for ST or PV supported
systems, a matter of design and ojstation in the individual case to reach technical and economic
feasible and appropriate facilities.
Solar thermal as well as P¥fiven system can be cost competitive or even save costs compared to the
reference system. The right choice depends on thensystefiguration and the effort in optimization
towards the integration of the solar energie sensitivity analysis shows that frons@mmarized
point of view (trend lines for southern and northern location) both technologies are very close in
technical ad economic performance.

6.4 Northern vs southern location

X

Significant differences arebservedvhen comparing systerasd their technical and economic results
separated fonorthern and southern locations. In northern regions loaelingdemand occurand

the period of cooling is shat compared teouthern regionglowever instead there is a larger heating
demand in the norther location; Due to solar irradiation and the coincidence of loads the refémtt to

large solar fraction and neenewable primar energy savings respectively is disproportional for
northern locations.

Domestic hot water demand is independent of the location and more related to the building / load
profile but often offers a year around and constant energy deapdnding on theas$ign the solar
fraction in the shoulder seasons (without heating or cooling demand) can be significant and support
the technical and economic performance of the entire systems accordingly.

Thus, the maximum CostRatio’s at maximmonrenewable primary energy savinfys southern
locations reach 1.1 compared to 1.6 (trend wase) the efforts to reach cost parity are much higher

in northern location accordingly.

Systems dominated by heating demand, as it is typical for norttegs, ahow promising results using
reversible absorption heat pumps compared to electrical driven heat pumps (especially air/air heat
pumps). Nevertheless,rieed tde considered that an appropriate low temperature heat source needs
to be provided e.g. ehsolar collectocanoperate as low temperature heat source.

In warmer climates, high energy savings can be achieved by ushaetePivicity to cover part of the
domestic electricity consumption



6.5 Peakvs baseload

X

X

The overall trend is showing that if highorrrenewable primary energy savings should be achieved
the CostRatio is increasing accordindly.general, higher investment costs can be expected to cover
peaks loads and thus the it is often more economical to cover peak loads with auxiliary boiler.
However, the individual economic results depend on the location, energy demands, the design
(investment) and many other factors.

Nevertheless, some autonomous systieicisded in this studghow promising results e.glant #5

and #16achieve low cost ratiowith its design for almost solar autonomous operatdtiough the
examples do not provide a full year analysis (#16) or have no annual operation (#15) CR’s smaller 1
can already be reached

Among the 28 analyzed plants the low@ststRatio was achieved with plants, designed for a medium
range of nofrenewable primary energavingsof 40-80%. The lowest CostRatio was reached at a
level of roughly 0.8 under standard conditions.

6.6.Sensitivity analysis

X

The sensitivity analysiglustrates how the economic and technical performance of the SHC systems

is changing when different predefined boundary conditions are varied. It is the basis to find
circumstances under which SHC systems can be cost competitive compared to the prefefamed

system. To simplify the analysis the sensitivity is expressed for the trend lines describingtbra®h

of economics (CR) and environmental impact (fsav.NRE) for all systems. Further the sensitivity of
trend lines separated for northern andthern location as well as separated for ST and PV supported
systems are discussed.

The utmost significant influence on economics is driven by the investment costs. With standard
investment costs parity of levelized costs of energy (CR = 1) is reaclsdteyns designed for less

than 30% nosrenewable primary energy savings. With an investment cost reduction of 15 % already
systems achieving 65% savings can reach parity. If a cost reduction of 30% can be reached (not
unrealistic, c.f. ROCOCQPreildler, 2008jhe trend line considerably undermatches a CostRatio of

1. Thus, the SHC systems can provide an economic benefit over its life time and can possibly assure
more than high nerenewable primary energy savings.

Furthermorea significant influence is occurring due to changes of natural gas costs used for the
references systems but also in some SHC plants for backup heater. The standard price is defined to b
5 €ct/kWh, future changes in the prices depend a lot on poliicahomic and exploration boundary
conditions and are hardly possible to be foreseen. Thus, the price is only varied in a range that is
already possible due to the change from commercial to private consumers. When the natural gas costs
are increased by 50% 75 €ctkWh the parity can be achieved by systems with up to 60% savings
instead of 30 %.

In addition, the electricity price, auxiliary demand, the energy production and the conversion facto
for electricity was varied. However, all these changes digimow a very significant influence in the
economic and technical results. Although the single effects are low it must be noted that a combined
optimization or change of boundary condition might still be from interest, especially if a sBetdic

plant urder local boundaries needs to be designed and optimized.

The sensitivity analysis of the energy output is pointing on a very important issue. The results are
showing that with increased energy production (higher energy demand of the building/process) the
CostRatio can be decreased and the savings can be increased. The focus of this Task and especially
this work presented here is on the assessment of HVAC only. For a more appropriate and holistic
statement it is necessary to include the building / proceesthe assessment, a detached HVAC
consideration is only half of the truth!



x For the assessment the reference system is predefined as T53 Standard and consistablad air
vapour compression chiller for cooling and a natural gas boiler for domestigakext and space
heating preparation. In some cases, different reference systems are more appropriate. Thuslthe gene
relative nature of the assessment can be used easily to study the effect of changing refenersce syste
The change of economy or eféicicy of the reference can be integrated in the diagrams and analyzed
accordingly. An example is exanimated explaining the procedure and its interpretation of results.

Summing up:Both technologies,solar thermal and PVcan be integrated teupporta HVAC system
accordingly and both systernan be competitivagainst reference systervhenthey arewell designedand
boundary conditions are favorabléis study presentstechnical and economic assessment of 28 plants and
configurations, of which §lantswere able to reacbost parity or CR even lower thanuhder the present
boundary conditions. If boundaries are changing according to the sensitivity analysis alread$ piatts

can reach CR lower than one. Under these conditions best cases cortie QR wf roughly 0.7, presenting
30% lower levelized cost of energy for the entire systems compared to the reference system!

In general, economics of SHC systems are mainly investment cost driven whereas the referencargystems

dominated by the fuel castTherefore, SHC systems can be considered as cost efficient if they are integrated
for covering baseload and in combination with conventional system for covering peak demandshAlthoug

from environmental point of view solar autonomous systems shouldimehighest interest, thecome up

with higher costs but also with higher primary energy savings

Thus, future R&D pority should focuson investmentcost reduction(materials, mass production,
simplification, etc.) Minor priority, but only from aneconomic point of viewis required orefficiency
measuresHowever, &iciency and respective auxiliary demaratiuctioncan get more significant ihe first
priority was successful andvestment costs are getting lower
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8. Appendix:Detailed description of analyzed plants

In the following chapter all systems considered for the evaluation are desaoribece detaibnd their key
results are discussed briefly.

8.1.SERM (by: TECSOL,; ST; C+DHW)

The SERM project is applied for the building “Amiral” in the urban zone “Jacques Coeur” at Mantpelli
(France). It's a group of buildings used for different purpose: officed]idgge shops.

All the energy production devices are centralized and supply energy using a small district loeditigg/c
network. Cooling is mostly used by the office and the shops. Domestic hot water is mostly uged by th
dwellings and heating is usey all the three types of loads. The major advantage of this kind of building is
the significant cooling demand in summer and the massive domestic hot water demand all yeardong. As
consequence, the system produces chilled water with solar energy inrstamnetice the consumption of

the conventional chillers and produces solar domestic hot water all year long.

There are two possibilities: the heat can be transferred to the domestic hot water produdiatiosigoor it

can be used to produce cold. istcase, the heat is transferred to the generator of an absorption chiller. This
device produces cold which will be sent to the general chilled water distribution circuit. Thatiabsor

chiller then rejects heat to the ambient at a medium temperatureatiaejection device. The one which was
chosen is an adiabatic aerooling device.

Usually in southern part of Europe most of the large domestic hot water systems for dwellingsdatiee si
work with the maximum solar fraction occurring in summer tiBesically, a value of 80% to 85% is
targeted leading to an average annual value of about 50% and an average of 20% to 30% in winter.

The solar collector field has been sized in order to have the highest solar fraction durisgasteral
period. As a casequence, the solar fraction is higher in winter than usually and there is no risk of
overheating in summer because the additional solar heat is used to produce chilled water toncibed dow
building.

Basically, the control is managed as follows:

X Inwinter: all the solar energy is used to produce domestic hot water. This winter mode is used as long
as possible. Then in spring, when the installation is close to overheating it is switched to summer
mode.

X In summer the priority is given to the absorptihiller for cooling. The large area of collectors permits
to reach a sufficient temperature in the hot tank earlier in the morning. So, the installat®n start
producing chilled water earlier compared to a classical design for a solar cooling system (sola
collector oversizing favorable). The temperature in the tank is controlled at the optimal woiking po
of the chiller by a 3vay valve. The excess energy is transferred to thatsions to produce domestic
hot water.

For the SERM system two differecéses are analyzed. (1a) represents the monitored values of 2016 and
(1b) represents a fictive case where the cold production of the overall system (a higher cold gemand
estimated. The system is serving as base load to a larger, not monitored ooavgapor compression
system. Assuming that the SHC system provides 20% of the overall cooling load (c.f. 9 MWh in (1a) 47
MWh in (1b)), an overall system performance was estimated. The energy carrier input is not affected
DHW demand is kept constatibe conventional chillers only rise the electricity demand. It was assumed
that the conventional system is working at an electrical seasonal performance factor of 3.
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The nonrenewable primary energy savings are calculated against toefimed Taslb3 standard refenee
system. The lower the energy carrier (here natural gas) input the higher the savings. In 20:6n4% sa
were achieved, mainly influenced by the excess DHW consumption. If the overall system is analythed an
conventional compression system is imigd in the analysis the savings drop again, but only slightly.

ENERGY la 1b

kKWh
EC.Sys 31’028 31'028
SC.sys 117’802 117'802
GD.sys 5’489 14'883
WD.sys 133’173 0.93| 133'173 0.74
SH.sys 0 0.00 0 0.00
CD.sys 9'394 0.07 46'970 0.26
fsav.NRE 0.747 065
SPFequ 7.39 6.28
COST SHC REF SHC REF
Annualized cost € 17'389| 14'842 38'729| 41'073
LCOE €/kWh 0.122| 0.104 0.215| 0.228
CR - 1.17 0.94

The excess consumption for DHW and the conventional compression system are influencing the @R positi
as the ratio of investment to consumption (energy) based cost is changing. The additional ice@sts recl
between 17% (1a) an@% (1b). The LCOE behaveffiirent, reflecting the difference in heat and chilled

water cost. The more DHW demand is satisfied the smaller the LCOE, if chilled water production is
analyzed the LCOE rise, although the CostRatio reaches lower costs than the reference system.

In the pllowing 2 figures the breakdown to the entire subsystems and ienewable primary energy ratio
(PERre), savings (fav.nre and SPFequ is presented as added annual figures but also the annual course. The
annual values are dominated by the DHW sulesysfficiencies as the ratio of DHW is greater than 90% in

the monitored cases (1a). The annual course of PER for the SHC and the reference system g tindicatin



the solar fraction of DHW was very high in March to July, where the savings reached/ré0ghlin
contrary the PERkeretiS almost constant over the entire year, slightly smaller in summer when the degree of
capacity utilization is smaller compared to winter operation.

PER / fsav / SPFequ breakdown to subsystems
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If the overall system is analysed, the reference systeaiegify and PERke reriS increasing as the ERRs
depending on its size (35 kW (1a) vs. 280 kW (1b); as compressors get more efficient,(MNfgetcet al.,
2015). This is leading to negative savings, which get balanced by the positive DHW values. In tthe case
assumption of EER for the conventional system might be too low, but anyway showing the effestdhat n
to be taken with care if an overall system ialgsed. If the entire SHC system is small compared to the
overall system, the economics can get attractive but theeamawable primary energy savings can suffer.

The following two figures below present the annualized cost of the entire sy3teensos@analysis shows
that the SHC system has higher investment costs, but lower fuel costs compared to the referdditienin
the reference system has relatively high costs for electricity of the HVAC system compared t€ the SH
system.

Investment cost clmge from 59% in (1a) to 45% in (1b) but the absolute investment is growing if the
conventional system is taken into account from&@dk17 k€. The excess in electricity is visible in the

rising share respectively. On the other hand, the maintenancettssSHC systems are higher compared
to the ones of the reference system. The overall annualized costs of the SERM SHC system ag@édr7 % hi
as the ones from the reference system (CR=1.17) if the total system is taken into account geshfsaisin

can be achieved (CR = 0.94).
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8.2Inspire (by: EURAC; ST vs. PV; SH+C+DHW)

The example reported here is one of the cases studied within the INSPiRe(preyjeeizi, 2015)n the field
of the refurbishment of existing buildings. One of the outputs of the project is the development of
simulatiorbased database with eneqgrformance, investment and running costs of a wide range of
combinations of different building typologies and HVAC system configurations.

A 5-floors small multifamily house (sMFH) with ten dwellings of about 50 m? each as well as a single
family house (&H) is used. The houses are simulated in different climates: Madrid and Stuttgart and
therefore have different cooling and heating demands. The SHC system covers the DHW, spaceatieating a
cooling demand of the house with a centralized air to water hegi pucombination with PV or solar

thermal collectors or a combination of both technologies. It is also connected to a sensiblaastkrage

Firstly, the heat pump charges a tank to satisfy the DHW demand. In this case, the tank siz®istd&0

MFH and 140 | for the SFH to cover the DHW demand. This same tank is also used for storing solar energy
in case a solar field is used but then the volume is larger and results from a design of 5Sthérsdlair

panels are@edrizzi, 2010) The yearly DHW demand is assumed to be arour220Nh/m2,

Six different cases are evaluated, varying the climate, load profile and heat source. The stoeeeisp/!

can be used for the DHW demand or for heating.sthplus of electricity from the PV system is fed into the
grid. The capacity of the renewable energy generation for the MFH is either 4.@8kVZpm3)in case of PV

or 27.6 m2 collector area in case of a solar thermal heat source. For the SFH the capacity & the PV
2.4kWp (15.6 m?)and the collector area is 9.2 m? and they are used both at the saniégrhgdraulic
scheme is shown iRigure50.
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Further details can be foundipasquale et a[2011) Dipasquale et a[2013)andDipasquale et al.
(2016)

2a 2b 2c 2d 2e 2f
Location Madrid | Madrid | Stuttgart | Stuttgart | Madrid | Stuttgart
Load profile | MFH MFH MFH MFH SFH SFH
Solar system | PV ST+HP | PV ST+HP | ST+PV | ST+PV




The nonrenewable primary energy savings are calculated against tidefmed Task 53 standard reference
system. In the following, results referred to MFHSs are reported, then results foa&F#iso presented.

First plants #2a (PV) and #2b (ST+HP) are compared, as they are located at the same place fidladrid) a
have the same load profile (MFH). Accordingly, the loads are the same, whereas the space heatohggdem
dominate (47%), followedybthe space cooling demand (35%) and the domestic hot water demand (18%).
The relatively high heat demand of 57 kWh/m?2.a is caused by a combination of insulation thickhess of
external surfaces that causes a higher building demand compared to thgbnitiuttgart. A 1 crstep of
additional insulation would have led much lower heating demand. Both systems, the PV drivensalad the
thermal can reach almost the same savings of 47% and thus ending up with the same equivalén8 SPF of

From cost pimt of view, both systems achieve lower annualized cost as the reference system and thus
presenting a CR lower 1. The PV driven system sums up to 10% lower costs than the ST system, mainly
driven by lower investment costs. Finally, the PV driven systeathra CR of 0.79 and the ST system of
0.90.

ENERGY 2a 2b
kKWh

EC.Sys 0 0
SC.sys 0 17'128
PV.sys 6'676 0
GD.sys 15'868 15'999
EL.sys 2'444 0
WD.sys 11'042 0.18 11'137 0.18
SH.sys 28'418 0.47 28'423 0.47
CD.sys 21'332 0.35 21'329 0.35
fsav.NRE 0.47 046
SPFequ 3.8 3.8
COST SHC REF SHC REF
Annualized cost € 5'629 7'153 6'496| 7'181
LCOE €/kWh 0.093| 0.118 0.107| 0.118
CR - 0.79 0.90

In the following 2 figures the breakdown to the entire subsystems and itemewable primary energy ratio
(PERre), savings (fav.nre and SPFeqis presented as added annual figures but also the annual course. The
overall system performance sums up to the same values for both PV and ST system, whereas #mssubsyst
present very different efficiencies and savings respectively.

The key figures fosubsystem cooling (C) already take PV electricity into account, thus the PV driven
system reaches a higher RrR fsawre and SPFequ than the solar thermal supported system. The solar
thermalpreliminary supportghe domestic hot water asécondlyspaceheating preparation. This is
especially reflected in the key figures of DHW where ST reaches 2.3 times higher efficienciethdlesser
due to the low fraction of DHW it is not evident for overall performance. The PV support for saeice) lis
more efective than the ST suppoliecause of adopted control strategiestand PV subsystem ends up
with a higher PERke etc.



PER / fsav / SPFequ breakdown to subsystems
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The annual course reflects the annual (seasonal) values. In those months where DHW is donmaile’ (e.g
May) ST shows highegfficiencies, where cooling or heating is dominate PV driven systems shows their
potential.
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250 538 = PER 6.00 PER / fsav
Xfsave
i w— A SPFequ 500
2.00 12455 o )
== A 400 T
£ 3.00 & =
& 1.00 > S
200 3 3
0.00 sy © 0.0
REF | SHC REF
SYS (a DHW SH
subsystems Month

—e—PER_NRE.ref.sys —8—PER_NRE.sys —e—fsav_NRE.PER.sys

The following two figures below present the annualized cost of the entire systems. The SHC sgstems a
dominated by the electricity costs (heat pump) and investment. The comparison shows that ttiy electri
cost of the PV and ST system are almost tihees@eflecting the electricity demand of table above) but the
investment cost of the ST are roughly 25% higher. The reference system shows the typical mix of
investment, electricity (air cooled vapour compression chiller) and energy carrier cost (regyufat g
system providing space heating, domestic hot water and cooling demands.
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The comparison of plants #2c and #2d shows the difference of PV and ST supported system fdr the smal
multifamily house at the location in Germany (Stuttgart). The overall demalodnisiated by space heating
(56%). Followed by domestic hot water demand (26%) and cooling (18%). As the solar thermal system
consumes less grid electricity than the PV driven thereaoewable primary energy savings and the
equivalent SPF are slightly high

From cost point of view, the PV system sums up to lower total annualized costs than the ST supported
system. The difference is roughly 10%, mainly forced by the higher investments. Neverthelesstéoth s
present CostRatios lower than 1 and thudes® expensive than the reference systems.

ENERGY 2c 2d
kKWh

EC.Sys 0 0
SC.sys 0 12'725
PV.sys 4'582 0
GD.sys 12'305 12'060
EL.sys 2'042 0
WD.sys 10'982 0.26 11'116 0.25
SH.sys 23'835 0.56 25'155 0.57
CD.sys 7'703 0.18 7'706 0.18
fsav.NRE 043 046
SPFequ 3.5 3.6
COST SHC REF SHC REF
Annualized cost € 5'257 6'345 6'113 6'435
LCOE €/kWh 0.124| 0.149 0.139 0.146
CR - 0.83 0.95

The annual key performance figures show similar behavior as the system located in Madrid. Based on t
grid electricity the subsystems cooling and space heating are more efficient in the PV suppoitethéha

ST driven system. Due to the different disiition (DHW more dominate than cooling) the ST thermal
driven system end up with a more efficient system, based eremewable primary energy demand.



The annual course of PRkt sysand PERRge refreflect the annual values. Highest savings of the PV
supported system can behéeved in summer where cooling is dominate The ST system reaches its
maximum savings in month with DHW dominance. (April, May, Sept.).

The breakdown of the annualized costs does not change dramatically when the location is chamggd. The
difference is reflected in the electricity costs (less demands) for the SHC systems and theaetri@r fyr ¢

the reference system accordingly. The system is designed in the same size; thus, the investraemtiv@st
same for both locations.



Plants #2e and #2f are presenting the case study for the combined ST+PV system foffansilgdleuse at
different locations. Nevertheless, the absolute demand for Madrid and Stuttgart are almost tbe gzane
heating and domestic hot water but ¢oeling demand is roughly 3 times higher in Madrid than in Stuttgart.
The energy demand ratios account accordingly to 20 and 25% for DHW, 53 and 64% for SH as well as 26
and 11% for cooling.

The systems equal in design of collector and PV area butatlstaik. heat / cold capacities as the minimum
most common on the market available devices are chosen. Due to the larger irradiation and thssldighe
yields the system in Madrid can achieve higher-rearewable primary energy savings and a higher

equivalent SPF respectively. The system in Madrid reaches an SPFequ of 6.4, the system in Stuttlyart rough
4.4,

From cost point of view the differences occur because of the difference in energy demands. Batis loca
reach clearly higher costs than the refere system. The system in Madrid end up at 30% higher costs than
the reference system, the system in Stuttgart at 40%.

ENERGY 2e 2f
kKWh

EC.Sys 0 0
SC.sys 5'406 3515
PV.sys 3'380 2'319
GD.sys 1'622 1'939
EL.sys 2'622 1'892
WD.sys 2'127 0.20 2'124 0.25
SH.sys 5'552 0.53 5'437 0.64
CD.sys 2'736 0.26 945 0.11
fsav.NRE 0.71 058
SPFequ 6.4 4.4
COST SHC REF SHC REF
Annualized cost € 2'643 2'041 2'696 1'942
LCOE €/kWh 0.254| 0.196 0.317 0.228
CR - 1.29 1.39

The annual figures reflect the high solar fractions of the subsystem cooling. In Madrid a SPE2§wofl
in Stuttgart an SPFequ of 20.4 can be achieved. The high efficiency of the subsystem in Stattgart is
reflected in the overall systems (espdgiabt in Stuttgart) as the proportion of cooling is only small. The
efficiency of DHW is smaller than for space heating for both locations.



The annual course is reflecting the overall high solar fraction. In Madrid savings > 80% carhbd fean
March to October, istuttgart from April to September.

The breakdown of the annualized costs reflects #eeand design of the system. The system is designed for
a singlefamily house and provide both, ST and PV support, thus the investment is very dominant for both
SHC and reference system. The ratio and absolute annualized costs of electricity and ener gy ther
reference system is reflecting the energy demand at the different locations.



8.3FinGerS (by: ZAE; ST; SH+C)

Within the FinnishGerman joint research project “Solar Heating and Cooling for Central and Northern
Europe”(Reda et al., 2016; Sipila et al., 20B73mall scale solahérmal cooling (1&W) and heating

(24 kW) plant was installed at Saa®olar Ltd headquarter in 2016. A collector field of 18 MPE flat plate
collectors with 2 m2 aperture area each feeds a-B@d®uffer tank. The storage is located in the factory

hall. It is equipped with a densiyontrolled stratification device and sufficiently insulated. The absorption
machine (lithiurabromide/water) transforms heat and cold at the required temperature level in order to fulfill
the office building energy demand.idtdriven by solar and/or district heat. In absorption chiller mode a dry
air cooler on the rooftop with a capacity of 24.7 kW dissipates the waste heat to the ambient.

The SaveSolar office building was built in 2012 as an extension on the side of gtamgxXactory hall. It is
located in Mikkeli Finland (N 61° 42'. E 27° 16"). The building has 170 m? tempeintelled floor area
consisting of an entrance hall, meeting rooms, single offices and an open space office.

Cooling is provided via activatl ceilings at nominal supply temperature of 15°C. Thaadling unit
requires constantly 10°C of chilled water and supplies 16°C tempered air to the offices durimgogcup

In heating season, the supply air temperature is increased to about 2lri@5 aeé disabled. In heating
operation, the ground floor heating covers the main heating requirement witibeamatemperature
dependant heating curvMeuring weekends, off time hours and festive seasons the air handling unit is not in
operation.

During summertime the SHC system is expected to operate in solar cooling mode #C1 primarily shown in
Figure63. In that case. the absorption chiller provides chilled water at about 10°C to the office cooling
system. To maintain the thermal absorption process pumps RP3.1. RP2.1 and RP1.1 trangféedtivi

from the solar thermal collectors to the desorber of the machine. Thereby, the supply tempeehture le
TIC302 is defined and set via MMV3.1 by the lift vs. thrust correlation and the requested copéinigyca

The buffer tank compensates tempaenigmatch of heat supply and demand. At insufficient solar yield
district heat is used in the Backup Cooling mode #C2.

COOLING

In wintertime solar heating mode (#H1) is activated if the upper buffer tank temperature is high &no
satisfy the demand. Available solar yield from the collector system is stored at heating systgm supp
temperature in theuffer tank. Subsequently. the absorption heat pump starts when the upper storage
temperature drops below the required supply temperature. Then low temperature heat from ttemkuidfer t
transferred to the evaporator. In that case the heat pump aspigicemperature level to the required value
by means of district heat via RP3.1 and 3.3. Thus, the heat content of the buffer tank can litbingbe w
temperature range of 100 to 4 °C. That leads to a high heat storage density and an increagsd. solar y
According to the heat ratio between low temperature heat and driving heat of approximately af the h
delivered to the building still contains about 40% of solar heat. Finally, when upper buffemipekatire
falls below 5°C and no solar yielsl available the building is heated by district heat solely.



HEATING

The noArenewable primargnergy savings are calculated against thedpfimed Task3 standard reference
system. The lower the energy carrier (here biomass district heating) input the higher the sheisg&arT
fraction reaches roughly 3%. In the analyzed year 85 savings wre achieved, dominated by the space
heating, that accounts for 94 of the demand. This leads to an electrical equivalent SPF of 13.2.

The total annualized cost of the SHC system sum up to 50% additional costs compared to the standard
reference. The levelized cost of energy are rather high, as the demands are low over the efitinesy¢he
CostRatio is from higher interest still refting the investment dominant cost composition.

ENERGY 3

kKWh
EC.Sys 14'803 0.66
SC.sys 7'543 0.34
GD.sys 850
WD.sys 0 0.00
SH.sys 17'216 0.91
CD.sys 1'761 0.09
fsav.NRE 085
SPFequ 13.16
COST SHC REF
Annualized cost € 6'606| 4'414
LCOE €/kWh 0.348| 0.233
CR - 1.50

In the following figure presents the breakdown to the entire subsystems andiitnheamble primary
energy ratiqPERre), savings @v.nrg and SPFequ as added annual figures and as annual course.

The difference in heating and cooling mode is respected by the PERs leading to ad@RBFeépr cooling
and 16.3 for heating respectively. The total system performance sums up according to the ratiiogof he
and cooling. The annual course is showing an increasing PERNRE.sys due to rising solar fractidas fro
to April, while it dropsdown to cooling dominated month in June to August and increasing again as the
heating demand gets larger.



The following figures below present the total annualized cost of the entire systems. The SHC costs are
dominated by investment, maintenance but also energy carrier cost as the solar fraction iswarther lo
reference system presents a smaller ratio of investment budsedreosts for electricity (for cooling).



8.4UMH - DHW (by: UMH; PV; DHW)

The heat pump analysed is an ON/OFF equipment with a nominal heating capacity of 1.5 kW amdk nomi
electrical consumption of 470 W (nominal COP=3.19). Two photovoltaic panels with a total pealopower
470Wp are connected to a miecmnverter which is connected to the equipment at 230 Vac. The
experimental setup was installed on the roof of thevéfsity’s research laboratory located in Elche, Spain
(Aguilar et al., 2016)

Tests were carried out under real climatic conditions while a recirculation circuit is used tteivwater
consumptions. The facility simulates 6 domesiit-water consumptions a day of-ZB liters each. The
heat pump equipment heats the water to #€Cit keeps the water temperature higher than 50°C. The
water inlet temperature is between 12 and 15°C.

The average energy needed to heat the domestic hot water consumption of 129.5 liters with agnean wat
temperature increase of 41.0°C is4@=6.26 kWha day. The average tank energy loses are estimated to be
QLoss=1.63 kWh therefore the average total energy needegd-isr@ 7.78 kWh a day.

The experimental study was carried out during one year in order to establish seasonal residtsrResul
availeble in two levels: Detail level: data were taken every 2 minutes (720 data of every variable dn@asure
day) and seasonal level: 248 days were analysed (at least 15 days every month). These ressdis twere u
obtain conclusions about the system seadwetadviour.

The system is providing 100% domestic hot water and is running at roughly 1/3 grid electrickWMB)L8
and 2/3 PV electricity (788Wh). The annual threnal DHW consumption of its experimental setting is
summing up to 224BWh (thermal losses not included). If only grid electricity is considered, 64% of non
renewable primary energy savings can be achieved. This is corresponding to an equivalent seasonal
performance ratio of 7.1.

From cost point of view the total annualized cost and the levelized cost of energy are almoséthieusa
the CostRatio equals 1.

ENERGY kWh %
EC.Sys 0

SC.sys 0

PV.sys 783

GD.sys 318

WD.sys 2'248 1.00
SH.sys 0 0.00




CD.sys 0 0.00
fsav.NRE 0.64

SPFequ 7.08

COST SHC REF
Annualized cost € 349 344
LCOE €/kWh 0.155 0.153
CR - 1.01

In T53E4 Tool analysis threubsystem assessment is calculated with the overall electricity input (PV+grid),
whereas the total system only considers grid electricity and therefore has higher values. $e thistha
subsystem DHW the total electricity consumption sums up to hpddB0kWh and the PERke.onw,
SPRqu.onwand the fsawke pnw drop accordingly. The reference system keeps constant at a level of PER
equals 0.64. The annual course of the ReRsand fsawre is reflecting the mean ambient conditions during
the test dgs: temperature and solar radiation.

The comparison of the annualized cost points out the difference in the PV driven system antketicerefe
system. The SHC system is 50% driven by its investment (HP + PV + auxiliaries) and 26% by tle&yelectr
cost (only grid electricity). The referensgstem (natural gas boiler) is counting for 32% of the total costs
while the natural gas costs sum up to 43%. Nevertheless, the sum of all annualized costs edjoal€Rand
becomes 1, which means cqstrity over the period under consideration (25 andfe energy would be
provided by the system at the same ratio of PV to Grid electricity the SHC system would get ttizeaper
the reference system.



8.5UMH HVAC (by: UMH; PV; SH+C)

The used ArConditioner unit has a nominal cooling capacity of 3.52 kW (EER=4.09) and a nominal heating
capacity of 3.81kW (COP=3.8). Three 235Wp photovoltaic panels were connected directly to the atachine
24Vcc. The PV panels have bedredtly connected to the 24 V connection of the air conditioning unit.

There is a solar converter inside the unit that changes the DC voltage from 24 V3@02@0This high

voltage direct current is internally connected to the DC point in the freq@enegrter. Here, the electricity

from the grid and from the PV panels is summed.

Tests were carried out under “real” conditions in a 3%ffice located in Alicante (Spain). This office is on
the second floor, in this case top floor of an offices buildingas only one external facade which is north
facing and has a length of 4.5m. It has a window of 3 x 4véith double glazing and sunscreen slats for sun
protection. The ceiling height is 2.8 m. The indoor unit is working inside the office, whibeittieor unit

has been installed on the building’s roof, just above the difigailar et al., 2014; Aguilar et al., 2017)

The established performance profile is focused on typical office hours from 8 to 20 h. The indoor
temperature was set to°23in cooling mode and to 20 in heating mode. The relative humiditsas not
controlled. The office is 7 km away from the sea, thus the humidity is frequently high.

The experimental study was focused in summer and winter months to establish seasonal restittg in cool
and heating conditions. Data from more than bwaodred days of the study were analysed (at least 20 days
every month). These results were used to obtain conclusions about the seasonal behaviour rodithe sola
conditioner.

The following table shows the energy balance and annualized cost compatisesystem. The air

conditioning unit is used to cover the yearly space heating and cooling demand of about 3 to 2&8d¥iwWh
The annualized costs of the HVAC system are lower compared to the reference system and a hence a cos
reduction of 21 % (CR = 09§ can be achieved.

ENERGY kWh %
EC.Sys 0
SC.sys 0




PV.sys 791

GD.sys 679

WD.sys 0 0.00
SH.sys 3'044 0.47
CD.sys 3'478 0.53
fsav 0.78

SPFequ 9.61

COST SHC REF
Annualized cost € 856 1.084
LCOE €/kWh 0.131 0.166
CR - 0.79

The technical analysis can be seeRigure71. It shows the yearly breakdown to the subsystems and its
nonrenewable primary energy ratio (P&, savings @v.nre and SPEyas added annual figures but also

the annual course. The sylstems analysis considers the total electricity (PV + grid), thus the referred
values are smaller than the corresponding overall figures where only grid electricity is con3idered.
subsystem of cooling shows a higher RRR2.1) than for SH (1.5), saraccounts for the savings and
SPFRqrespectively. If only grid electricity is taken into account, the feRends up at 5.82 and for SH the
PER\resHequals 2.77. The course during the entire year of monitoring shows heating in January to April as
wells as November and December, from May to October cooling mode is active. The lower PER’s in July
and August are due to a high cooling demand during those days, whereciditioner worked many

hours at 100% capacity and PV contribution was low.

Figure 71: Yearly breakdown to subsystem and annual profile of PER, fsav, SPFequ for the UMH HVAC
system

The cost distribution shows the investment dominated SHC system. 50% are due to investmentghlgnd rou
35% due to grid electricity costs. The reference system consists of a natural gas boiler acdadedair

vapour compression chiller. These investraesutm up to roughly 30% of the total annualized cost. Another
25% account for electricity costs and 15% for the natural gas (energy carrier). The overalllsei@HECt
system is smaller than that of the reference system and thus the CR is smalléaldlé@bove)

Figure 72: Annualized cost distribution of the UMH HVAC system



8.6.SERC (by: Dalarna University; PV; SH+DHW)

House model and boundary conditions

The modeled house is a typical Swedish single floor, sfaghly house (SFH) with a gabled roof and an
overall mean Walue of 0.2 W Kt and 143 rheated floor area. A detailed model of the house with six
zones using space heating, developed in the simulation software TRNSYS, is described in detail and
validated byPersson. T. and Heier.(2010)TRNSYS’ type 56 is used for the house model.

The location of the house is Norrkdping, Sweden (58.6°N, 16°2E). Measured meteorological ddia from t
year 2007 in Norrkoping is used in the simulations. The weather data is used both for calcuthgdP\of
electricity production and for calculations of energy gains and losses in the house. Two adults and
children are living in the house and thelW demand is based on the MacSheep project and adjusted for this
study(Bales. C. et al., 2@).

SHC System

The house is equipped with a PV system, a heat pump for DHW storage and SH, a thermal storage and a
battery. The PV system has a capacity of 5.7 kW and a Litlourhattery storage sizes of kK@/h is used

to study the impact on the permance in terms of sefonsumption, solar fraction and final energy. The tilt
angle is defined by the roof of the building whereas the azimuth angle is chosen to optimizdyhi®yea
electricity production. A control algorithm for increased-selhsunption was aimed.

A variable speed, exhaust air HP delivers heat both for SH and DHW but cannot supply them both at th
same time. A hot water storage tank of 180 litres is used for DHW. The HP is activated accading to
heating curve and compensatory cohalgorithm dependent on the SH supply temperature. An electric
auxiliary heater is activated when the thermal power provided by the heat pump is insufficiestt to me
thermal power need.

Control

The HP is controlled primarily by the need of SH and émepterature in the DHW storage tank. Excess PV
power production is first used to charge the batteries, thereafter the HP is switched on if furssible
overheating either the zones or the domestic hot water tank or is directly fed into the griéciricégyefor

the enduser consumption can be received directly from the battery. A small 25 | buffer is included in the
heating circuit but only serves as an expansion vessel. In case the heat pump’s thermal capiacity is
sufficient to cover the thermal log,dthe auxiliary heater with a capacity of 6.5 kW can supply additional
heat. A blockdiagram of the HP system is showrFigure73.

The following table shows the energy balance and annualized cost comparison of the system. The PV is
providing roughly 6 MWh electricity another 7.6 MWh are purchased by the grid veh2:@dWh is feed



into the grid. Main energy demand is space heating with 14 MWh compar@dwh3f DHW demand.
The overall energy balance includes house hold electricity (3.4 MWh) as well and leadse¢oewable
primary energy savings of 40% and aF8Bu of 2.8 respectively.

The annualized costs of the heat pump system are 79 % higher than the annualized costs fenttee refer
system, the CostRatio equals 1.79 accordingly.

ENERGY kWh %
EC.Sys 0

SC.sys 0

PV.sys 5'994

GD.sys 7'560

EL.sys 2'292

WD.sys 2'994 0.17
SH.sys 14'335 0.83
CD.sys 0 0.00
fsav 0.40

SPFequ 2.75

COST SHC REF
Annualized cost € 3.717 1.785
LCOE €/kWh 0.182 0.102
CR - 1.79

The technical analysis can be seen in below. It shows the yearly breakdown to the subsysteiksyand its
figures. The subsystems analysis considers the total electricity (PV + grid), thus the refepedralu
smaller than the correspding overall figures where only grid electricity is considered. The subsystem of
domestic hot water shows a lower RRR(0.6) than for space heating (1.0), same accounts for the savings
and SPFequ respectively. The PER for DHW is even lower than foeférence system, thus the savings
get negative. The course during the entire year of monitoring shows heating and DHW demand over the
entire year. In June to August the demands can be satisfied by PV by a large ratio, thus the ®#&Rs ar
high and theavings of 90% can be reached.

The main cost driver of the heat pump system is the higher investment costs for heat pumpuR,

buffer storage and battery compared to the investment costs of a hatural gas boiler of the syfei@nce
Also, the electricity and maintenance costs are higher for the SHC system. The PV is not omgyttdrivin
heat pump, it is also used foordestic electricity. Therefore, the costs for domestic electricity can be
reduced significantly by the HVAC system compared to the reference system. The surplus PV faed into
grid gives a small gain4%).



Figure 75: Annualized cost distribution of the SERC system



8.7 Juice farmer (by: AEE Intec; ST; SH +C + process heat/cold)

The SHC system was built in 2012, by a farmer for juice production in Austria. They have a prodiictio
around 250.000 | apple juice and 100.000 | cigeryear. In addition to the process heat and cold the SHC
system is applied to cover also the heating and domestic hot water demand of the residentgl buildin

The heat is produced by 100 m2 of douplazed flat plate collectors and as a baekapter avood chip

boiler with a capacity of 100 kW is used. The process heat is used for the juice productionlameabbtr
process, whereas the cold is used for the refrigeration of the produced juice. The heat is @t@0athin
buffer storage with a stified lance and connected to a singtage absorption chiller (ammonia/water) with
a capacity of 19 kW. The flow temperature for the process heat is between 83 and 84 °C anadatherivi
absorption chiller a temperature of 80 °C is necessary. Thesdueasis transferred to the ambient via a dry
cooling tower with a capacity of 50 kW. The chilled water is used for the juice refrigeratiorfaordy.

cooling is needed the heat is used for the juice production process, for DHW preparation ortteecover
space heating demand of the residential house next to the juice prodiitikret al., 2011; Fink and

Knabl, 2014)

The following table shows the energy balance and annualized cost comparison of the system. pée main
of the energy is provided by the woeoHbip boiler and about 20 % can be covered by the solar collector.
Regarding the demand, 57 % of the energy wad & heating and domestic hot water preparation of the
residential house (both are summarized in SH). In addition, around 42 MWh (39 %) are supplieck&s pr
heat for juice production and the bottle washer. The smallest part is the cooling demaordywdtb MWh

(4%) of the total energy demand. The annualized costs of the SHC system are 53 % higher cothgared to
reference system.

ENERGY kWh %
EC.Sys 130.070
SC.sys 38.759




GD.sys 2.706

PH.sys 42.026| 0.39
SH.sys 62.240| 0.57
CD.sys 4.528| 0.04
fsav 0.78
SPFequ 13.76

COST SHC REF
Annualized cost € 16.423 10.717
LCOE €/kWh 0.151 0.099
CR - 1.53

The SHC system shows high efficiencies for the heating applications (PER = 7.7, SPF = 19.2tmé ther

also high nofrenewable primary energy savings of 90 % can be achieved compared to the reference system.
The cooling subsystem on the other hand shelesver primary energy ratio compared to the reference

system and therefore no primary energy savings can be achieved. Since the cooling demand sniglhas a
ratio compared to the space heating and process heat demand, the overall savings suntLphe B6v
performance of the cooling system and good performance of the heating system is also reflextgshityth
profile.

Different issues cause the low performance of the cooling system. Firstly, the power of theoreofilde
coolingtower was not controlled, instead it was running on full power when turned on. In addition, the
necessary flow temperature for the juice refrigeration was lower than expected during the syigtem des
which caused low efficiencies of the ACM. The perforo@nf the cooling system could also be improved
by a better control strategy of the wood chip boiler. The boiler had a high amount of runningphours
achieve the necessary temperature level for regeneration of ACM. This induced stagnation dfeszitar co
since the buffer was always on high temperature and could not be charged by the solar collector.

In Figure78the annualized cost distribution of the SHC system with solar thermal collectors and wood chip
boiler is compared to the cost distribution of therence system. The annualized costs for the SHC system
are driven in equal shares by investment costs and costs for the energy carrier (wood chips)iheherea
maintenance costs sum up to 15 % of the total annualized costs. On the other handetioe gfstem is

mainly driven by the costs for the energy carrier (53 %), followed by the investment costs (22 %) an
electricity and maintenance costs.






8.8.SolPol (by: UIBK; ST; SH+DHW)

The SolPol system simulation study is based on the simulation studies of system 12 (Thi&Battal.,
20179, whee electrical driven heat pumps in combination with thermally activated building systems
(TABS, here a standard floor heating system is used) and conventional hot water storages (Be8)aare u
thermal battery for electricity produced by photovoltaic exyst.

In this SolPol studyThir and Maslikova, 2016; Thir et al., 201aolar thermal system is considered
instead of a PAsystem, which also can use either the TES or the bui{@iABS) as heat storage. The heat
pump is used as a standard auxiliary heater if solar thermal energy is not sufficient.

Simulations within the project SolPaie done for a singtamily house (based on the IEA SHC Task44
reference building{Dott et al., 2013)designed as low energy standard (RES4%WH&/nvYa space heating
consumption, SH) at Innsbruck climate with thermal active mass by floor heatingef@itence floor area is
140n?, the standard reference room temperature is 2106K and the domestic hot water (DHW)
consumption at 45°C tap temperature is 2'kWh per year.

A solar thermal system (ST) with 2C’ oollector area with flat plate coll&¥ R Y/0.80; a = 3.0W/n¥K;

a = 0.010 W/mMK?), mounted south oriented and 45° tilted is considered in the system. The heat pump is
equipped with a desuperheater with variable volume flow to reach 50°C set temperature. The groend so
brine heat pum (HP) is connected to a water storage (TES) directly via the desuperheater. The condenser of
the HP can charge the TES or bypass the TES for direct heating of the building. Domestic hot water
preparation is done with an external plate heat exchangecwvitiolled primary mass flow.

The heat pump is designed for thermal capacity of abok¥\0at BOW35. The brine source temperature is
modelled with average temperature of 36 K varying over the year. The heat pump is operated power
controlled dependig on the ambient temperature for direct space heating and in parallel using a
desuperheater for heating the top 300 liter of the TES for domestic hot water preparation. dirpettess
heat pump can heat only the TES to cover the DHW demand.

The controlconcepts are named “REF”, “TES”, “BUI” and “BUI+TES". The “REF” has no solar thermal
system and is using only electricity from the grid to run the heat pump. For DHW preparatiomasistan
control, only the top volume of 30ier of the TES is heated up 50°C.

If solar thermal power is available, the ST can store heat in the TES or the TABS. In the “TE&” cont
strategy the TES is completely heated up to 90°C. In the “BUI” control strategy (in winter séason) t
building with the TABS is heated unélmaximum room temperature is reached (variations from 22°C up to
26°C). In “BUI+TES?” first the “BUI” algorithm is used and second, if still ST power is availal#e tBS”
algorithm is used.

The following results are based on the following two systemtrobconfigurations:

x 8a: TES1000: in case of available ST power, ONLY the TES with a volume of 1000 liter is used for
overheating up to 90°C; the room temperature is controlled to 20°6K.

x 8b: TES500BUI23: in case of available ST power, FIRST thdding mass is used for overheating
up to 23°C room temperature (in winter heating season) and SECOND the TES with a volume of 500
liter is used for overheating up to 90°C.



The system is located in Austria; thus, the energy demand is dominated by space heating. Tieediffere
the control strategy and design can be seen in the energy delivered for space heating, 8thesithahe t
activated floor can store ande slightly more space heating energy, but contrary the solar yield is slightly
smaller and the electricity demand higher. In 8b due to the overheating of the building highessesat
occur resulting in more space heating than in 8a where the la@@itEd storage has lower overheat losses
due to good insulation. From primary energy point of view the system 8a performs better thatingjs. @av
both reach roughly 80% whereas system 8a achieves an SPFequ of 9.5 and 8b an SPFequ of 9.2.

From cost pait of view the performance is vice versa. System 8a results with higher total annualized cost
than the system 8b, whereas both systems are more expensive than the reference system. Batbesystems
the floor heating system, only the control strategy iedht, thus these costs are not included in the
analysis. 54% and 47% additional cost will be reached in this-sowl# system.

ENERGY 8a 8b

EC.Sys 0 0
SC.sys 7'057 6'934
GD.sys 955 1'024
WD.sys 2'173 0.24| 2'173 0.23
SH.sys 6'892 0.76| 7'193 0.77
CD.sys 0 0 0 0
fsav.NRE 08 08
SPFequ 9.49 9.15
COST SHC REF SHC REF
Annualized cost € 2'415 1'566| 2'329| 1'583
LCOE €/kWh 0.266| 0.173| 0.249| 0.169
CR - 1.54 1.47

In the following 2 figures the breakdown to the entire subsystems and itemewable primary energy ratio
(PER\re), savings (fsawe) and SPFeqis presented as added annual figures but also the annual course. The
performance of DHW is much higher than for space heating, the solar fraction in summer for DH& reach
almost 100% with the 20 m2 of collector. Due to the larger hot water tank then8estean reach slightly

higher DHW subsystem efficiencies than system 8b. The system 8a can achieverenable primary

energy saving of 97% and 8b of 91% respectively. The performance of space heating is slightfphigher

the system with activatetbbr. The SPFequ equals 7.5 for 8a and 8.1 for 8b. Nevertheless, system 8a ends
up with a higher fsav of 78% and system 8b with a fsav of 76%. This is due to the slight chdhgerufye

of the natural gas reference boiler where the efficiency is dameod the demand / degree of capacity
utilization.



The annual course is not shown because the energy balances aneadalje as annual values. Thus, the
PER\resysiS constant over the year. Nevertheless, the savings are higher in summer due to higher solar
fractions and the method of calculation of the efficiency of the reference boiler.

The total annualized costs are reflecting that the system is designed for dasinildnouse with small
energy demands, thus the investment is clearly dominating the cost, followed by the maintenafbe cost
difference in cost of storage are evidesisgstem 8a is more expensive than system 8b. The reference
system is also dominated by the investment costs, but energy carrier costs are almost as Inig8b &yste
showing slightly higher energy costs as the energy consumption is slightly highertlie®dtdding
overheating.



8.9.SolarHybrid (by: UIBK; ST vs. PV; SH+C+DHW )

SolarHybrid(Neyer and Thur, 20143 an Austrian research project dealing with solar thermal and PV
supported HVAC systems, the development and optimization of an abso&totompressiothiller as

well as the theoretical investigan of hybrid system by means of simulations and hardivatiee-Loop
measurements. The major target of SolarHybrid was to develop and evaluate the economics. effigiency
reliability of solar hybrid systems. Results shown here focus on one of theteamsladies and its
assessment for comparison of ST and PV for a Hotel profile in Innsbruck, Austria and Sevilla, Spain.

The profile used is a 24ifed hotel with spa area and a floor area of 10'080m2. Results for other load profiles
can be found in the SarHybrid (Neyer, 2017aljinal report. The hotel was designed according todstesh

designs with internal loads and air exchange rates according to SIA 2024. The hotel. locatéunltindnns

(and Sevilla) has a total heat requirement of 160 (120) kwh/m2.a and cooling demand of 8 (31)&Wh/m?
The space heating sums up to 17 (1) %hefheating demand, but the majority is needed for the energy
supply for pool heating (35 (53)%) and domestic hot water demand (DHW 48(46)%).

Two HVAC systems are compared here, the system layouts are deseribgldown in Fig. 9. The collector
area for ST and PV is the same.

(I) ST: solar thermal + absorptioand compression chiller + natural gas Boiler

The ST (720m?) feeds a hot water storage tank (30 I/m2ST), which ensures the heat supply far doimesti
water (DHW), pool and space heating with a natural gas boiler as backup, as well as the opé¢hation of
absorption chiller (ACM without hot backup). The absorption chiller, a sintaif-effect (SE/HE)

ammonia water chiller developed to operate withadrglers at high ambient temperatures, serves the base
load cover (20 kW); the remaining requirement is covered by a conventional compression chilg).(70 k
Both chillers operate in parallel with a dry cooling tower. Heat rejected towards the coolargsqartly

used for préheating the DHW.

(I1) PV: heat pump + photovoltaic

The heat pump (HP) operates reversible and feeds tharftbtoldwater storage tank. Groundwater is used
as heasource/sink the effects on the COP / EER are modelled simd¥i@teans of a Carnot model. The
HP is not controlled specifically to reach high smihsumptions. The concurrency of PV production (84.5
kWp) and electricity demand is resulting according to load and irradiation, the grid cover axckegseaé

PV resul correspondingly. The additional demand for house hold electricity for the hotel or a shift in the
load (as. for example. in TheB@thlr et al., 20173)are not considered here.



9a 9b 9c 9d
Location Innsbruck| Innsbruck| Sevilla | Sevilla
Solar ST PV ST PV
system

The nonrenewable primary energy savings are calculated against tidefmed Taskb3 standard reference
system. Plants #9a and #9b represent the results for location Innsbruck. The demand for heating and
domestic hot water are almost equal, space ap@iof minor priority. The solar fraction of #9a is roughly
40%, complemented by natural gas for heating and electricity for cooling. Accordinglyrensvable
primary energy savings of 35% or an equivalent SPF of 3.1 can be reached. The PV suppubrted,
electricity-based system reaches almost the same savings.

Both system achieve roughly the same annualized cost, whereas the solar thermal is slightlypchiéaper
cycle base than the PV driven system. The ST reaches a CR of 0.98 and the P\f dt¥@&n o

ENERGY 9a 9b
kwWh

EC.Sys 794'932 0

SC.sys 423'400 0

PV.sys 0 111'960

GD.sys 32'065 408'339

EL.sys 0 1'397

WD.sys 562'002 0.47| 562'079| 0.47
SH.sys 545'934 0.46| 545'848, 0.46
CD.sys 82'110 0.07 82'105| 0.07
fsav.NRE 0.35 0.32




SPFequ 3.1 2.9|
COST SHC REF SHC REF
Annualized cost € 80'904| 82'835 85'140| 82'835
LCOE €/KWh 0.068 0.070 0.072| 0.070
CR - 0.98 1.03

In the following 2 figures the breakdown to the entire subsystems and itemewable primary energy ratio
(PERre), savings (fav.nre and SPFeqis presented as added annual figures but also the annual course. The
overall system performance sums up to the same values for both PV and ST system, whereas #mssubsyst
present very different efficiencies and savings respectively.

The efficiency of absystem cooling is very high for the solar thermal cooling system including the electrical
backup, an equivalent SPF of 6.9 and savings of 55% can be reached. The PV driven systemaonsist of
standard chiller and reaches including PV production an SRF#&jl and no savings. The heating system is
supported 35% by solar (for both PV and ST) and thus summing up to the respective savirgis¥6f BBe
system performance accounts accordingly to the demand mixture, the good performance of solar thermal
cooling is evened.

The annual course reflects the annual (seasonal) values. The ST supptetadegshes its maximum
savings in summer when a high solar fraction is evident and cooling and domestic hot water pradeictio
dominant. Same occurs for the PV supported system, in summer the highest savings can be achieved,
whereas the course is momnstant over the entire year.

The following two figures below present the annualized costeoétttire systems. As the profile has a large
energy demand the costs are dominated by the energy carrier (backup for ST) and electrdrityefBV



cost. The electricity cost for the heat pumps account more than the natural gas backup for sten8T sy

From investment point of view the PNP system slightly cheaper than the ST system. The reference costs
are as well dominated by the energy carrier cost.

The comparison of plants #9c¢ and #9d shows the difference of PV and ST supported system faiotine loca
Sevilla. The overall energy demand is lower than in Innsbruck, the domestic hot water is dom¢hant, a
cooling is slightly more in demand than spacatimg.

The solar yield and thus the solar fraction for heating are higher compared to Innsbruck, thersoddr

system ends up with nerenewable primary energy savings of 65% and a SPFequ of 6.2. The PV system can
also increase its performance butdset feedin more electricity at the same time. Thus, the PV supported
system reaches 56% savings and an SPFequ of 5.

From cost point of view both systems sum up to total annualized cost below that of the refetentarsys
thus reaching CR <1. Solarttmal system can reach a CR of 0.8 and the PV system of 0.85.

ENERGY 2c 2d
kWh

EC.Sys 177'842 0

SC.sys 755'994 0

PV.sys 0 186809

GD.sys 94'454 217'200

EL.sys 0 71'154

WD.sys 541'782 0.50| 541'803 0.50
SH.sys 234'728 0.22| 234747 0.22
CD.sys 299'006 0.28| 299'016 0.28
fsav.NRE 0.65 0.56

SPFequ 6.2 5.0




COST SHC REF SHC REF
Annualized cost € 61'222| 75'206 64'115| 75'208
LCOE €/kWh 0.057| 0.070 0.060, 0.070
CR - 0.81 0.85

The breakdown to subsystems shows that the solar fraction for cooling is lower compared to Iruasteruck
for the ST supported system. The highest efficiencies can be reached by the ST system and domestic h
water production. As DHW is the dominant demémelannual key figures increase accordingly.

The annual course of Pkt sysand PERRre efreflect the annual valueSavings occur between 50 and 70%
for the ST system and 5% for the PV supported system. The course of the PV driven systems reflects the

simplified calculation method but does not effect the annual performance dgaftulat

The total annualized costs reflect the demands, as they are smaller compared to Inmshbeletve share
of investment is increased. The higher cooling demand leads to a higher electricity demandtigtehus

electricity costs.







8.10. Jinan (by: YAZAKI; ST; SH+C+DHW)

The project location is Jinan in P.R. China with a humid continental climate (longitude 116t98e lati
36.67). The monthly average ambient temperature is varying from migliof&l in Jan to min. 15°C in

July, while the maximum is varying from 13°C imdary to 38 in June/July. The total annual irradiation
sums up to 1338 kWh/m2.a. The climatic conditions influence the implementation of the passive house
building and the solar yield of the SHC system accordingly.

The Jinan Disaster Prevention Centeatlésigned as passive house. The building has a gross area of roughly
1300 m2 and is used as office with working time: 0718@0, 5 days/week; there is no domestic hot water
demand in the office. The annual space heating demand is summing up to 6.95.&Wihife’the annual
cooling demand equals 24.30 kWwh/mz2.a with approximately 55% sensible and 45% latent (dehumidlificatio
shares.

The SHC system in Jinan served as base for a detailed simulation study by Yazaki and University of
Innsbruck(Neyer, 2017b; Zheng et al., 201Dn the one hand the design and control strategies were
optimized and on the other hand the effect of different ermyggumption (SH, C, DHW) was analysed.
The results shown here include hot water consumption, which is not present in the actual project.

The HVAC was planed and designed by Chinese Partner the layout and details about solar thermal cooling
were detailed in cooperation with YAZAKI. The solar energy, collected via two solar collectonfighds
evacuated tube collectors with an overall area of approx. 11i8 stdred in a 5 m® hot water tank (HST).

No other heat sources are fed into the hot water storage. In summer case the heat is used to run the
absorption chiller (WFC) with 35 kW nominal capacity and the heat is rejected via a wet coolingTiosve
chilled water is stored again in a 1.5 m? tank (CHST) and complemented by a reversilaleeaglectrical

heat pump. In winter case the heat from HST is fed into CHST via a heat exchanger and complgmented b
the heating mode of the heat pump. The energgligated into the rooms over a radiant ceiling and the
ventilation unit. The ventilation unit includes a heat recovery system;lgeptang/cooling coil, a 20 kW air

air heat pump as backup and the reheating coil. The control strategy includes thensifers realizing

the highest priority of solar thermal driven system and thus higher sataiofr.

The nonrenewable primary energy savings are calculated against tidefmed Task3 standard reference
system. In the analyzed year 94% savings were achieved, dominated by the space cooling (50%) and
domestic hot water (36%), space heating is from minor priority. This leads to an electrical etj@RP&lef
8.9.



The total annualizedost of the SHC system sum up to 16% additional costs compared to the standard
reference. The levelized cost of energy are on an acceptable but higher level, as the demanbecaade
of passive house serving as load profile. Thus, the CostRatigrishfgher interest still reflecting the
investment dominant cost composition.

ENERGY 10

kKWh
EC.Sys 0
SC.sys 50'164
GD.sys 7'122
WD.sys 22'500 0.36
SH.sys 9'121 0.14
CD.sys 31'681 0.50
fsav.NRE 094
SPFequ 8.89
COST SHC REF
Annualized cost € 13'762| 11'843
LCOE €/kWh 0.217| 0.187
CR - 1.16

In the following figure presents the breakdown to the entire subsystems aadiitnewable primary
energy ratio (PEkke), savings v.nrg and SPFequ as added annual figures and as annual course.

The difference in heating and cooling and DHW mode is respected by the PERSs leading to a SPEequ of 4
for cooling and > 100 for heaty and cooling respectively. The total system performance sums up according
to the ratio of cooling, DHW and heating. The annual course is showing the fictive DHW demandgin th
month where no heating or cooling demand is occurring. A decreasingRue to very low demand

can be observed from Jan to march, while it increases to the DHW only operation in month of fx@iitMa
September to November and decreasing in the cooling only period from June to August. Main rehson for
low performance isummer is the heat pump backup and its low performance. With increasing solar fraction
or increased back up efficiency the cooling but also overall performance could be increasedr#ignific

The following figures below present the total annualized cost of the entire systems. The SH(& costs a
dominated by investment and maintenance. The referenegrsgsesents a smaller ratio of investment but
increased costs for electricity (for cooling) and energy carrier (for heating and DHW).






8.11.  Mono-split (by: ILK Dresden, PV; C)
A singlefamily house according to EnEV2016 building standards includingn@dules and a morsplit-

unit for cooling is considered. This system is compared to a building including an additionatage $or
decoupling of cooling generation and daglsupply. Main objective is to increase PV smihsumption.

Important boundary conditions of the building are:

total living area of 100 mz, distributed on two floors; therimdlding standard according to German
Building Regulation EnEV2016; infiltration and ventilation are combined to €. Bidmt recovery is only
active in heating period; shading is automatically controlled based on surface insulation lewel| gdins
resulting from a family of four and electrical loads; basic electricity consumption is modellediagdo
German heProfil multiplied by a factor of 5 for a four persons houselidigyn et al., 2014YE5'000
kWh/a; required room temperature of 23°C in case of occupant’s present; 16 PVsdodakWA3.68
kWp

The cooling system consists #figure 96):

X monosplit outdoor unit Fujitsu AOYG 14 LMCA, designed cooling capacity acc. to
Ecodesign: 4.0 kW, EER 3.52, SEER 6.90

X ice storage with a water volume of 60 |

X combined indoor unit includevaporator for direct cooling and watersed heat exchanger for
storage discharge mode

X system is always grid connected

The splitsystem including ice storage allows three operation modes:

x direct cooling: magnetic valves to evaporator in storagelased, operation is like splitnit
without ice storage

X charge mode: magnetic valves to evaporator in storage are open, valves to indoor unit are closed,
outdoor unit operates to charge ice storage only

x discharge mode: water cycle between ice storagéndodr unit is active, storage is discharged,
cooling power is supplied to the room

x direct cooling and discharge mode can be work simultaneously



Controller principles:

X household eledcity consumption is always prioritized
X in case of no present cooling demand but forecast cooling demand, remairpogvBivis used to
charge ice storage
X in case of cooling demand
o first: remaining PVpower output is used in direct cooling mode
0 secondcooling power is increased by discharging the ice storage
o third: direct cooling mode is controlled on demand using additional electricity from the grid

The evaluation is based on a combination of experimental investigations of the cooling systduikminya
and system simulation model in Modelica / Dymola. The ice storage in combination with the splasinit
experimentally investigated with varying outdoor unit part load factor from 20 to 100%, ice fsaction
between 0 and 80 % and ambient temperatueggeen 20 and 25 °C. A simulation model was developed
based on measurement results-fRddule and building model are based on the BuildingSyslierasy.

The system is simulated for German site Berlin.

System cost remarks:

Main objective is the comparis®f systems with and without thermal storage for demand side shifting and
increasing of PV seltonsumptionThe PV system is designed to provide roughly 50% electricity for the
household over an entire year, thus the PV is oversized for the split difieaalectricity obtained from

grid is almost negligible (5BWh (11a) / 2&Wh (11b).

The PV production provides 3.6 MWh and 3.1 MWh are drawn from the grid whereas 1.6MWh are feed
back into the grid. The demand is dominated by house hold electrigiyyc@oling is analyzed on the site of
Berlin. The results of this smadcale system result in LCOE of 0.£&Wh for the reference system and
0.150.16 for the PV driven system respectively. This numbers are that low because the majority of the
demand ighe electricity for household. If only energy for heating and cooling would be counted the LCOE
would end up > 4/kWh because of the climatic conditions of Stuttgart (ohQ@ kWh/a demand and 5
month load). The system could run reversible and provide heating in winter as well, but this was not
analyzed here.

More relevant are the total annualized costs and the CR for thespbonit. The annualized costs are 24
% highe compared to the reference system (CR = 1.24), but the additional costs are increasing to 32 % (CR
= 1.32) when a cold storage is included.

1lla 11b
ENERGY kWh % kWh %
EC.Sys 0 0
SC.sys 0 0




PV.sys 3'619 3619

GD.sys 3'124 3'090

EL.sys 1'676 1'546

WD.sys 0 0.00(0 0.00
SH.sys 0 0.00(0 0.00
CD.sys 1'004 1.00| 935 1.00
EL.DE 4’963 4’963

fsav 0.41 0.42

SPFequ 1.91 1.91

COST SHC REF SHC REF
Annualized cost € 579 2241 630 222
LCOE €/kWh 0.146 0.118| 0.16 0.12
CR - 1.24 1.32

In this case, to show the effects about$®lf consumption targeted in the project, T5S3E4 Tool subsystem
assessment is calculated with the grid electricity only. The subsystem cooling can achieve aSPF6qu
(11a) and 41.76 (11b) leading to 84% aB&dsavings respectively. Including the household electrify leads
to a drop of the SPFequ down to 1.91 for both systems. The difference in cooling get even due to the
dominance of household electricity.

The annual profile of case 11a shows that the cooling demand was in the months May till Septesmber. T
savings increase and decrease with the solar yield aol its highest value of 67% in Julyhe annual
course of the second case 11b looks quite similar but reaching highgseRE#d thus higher savings due
to the higher share of PV for the c@bduction (se€&igure99).



The following figures show the annualized cost distribution of the®ing system. The cost distribution
of the system in case 11a and 11b is similar, bualiselute values are higher for the 11b system with an
additional storage. The cost for the SHC system are dominated by investment followed by domestic
electricity costs. For the reference system the household electricity is clearly dominating.



8.12.  TheBat (by: UIBK; PV; SH+DHW)

Electrical driven heat pumps in combination with thermally activated building systems (TABS) and
conventional hot water storages (TES) can be used as thermal battery for electricity producen based
renewable energy sources. THisctricity might be produced locally with photovoltaic systems on the
building with the goal to realize a maximum of sadinsumption. Based on a set of theoretical simulations it
was investigated how a heat pump system in combination with a buildingifféttent designed TABS can
act as a thermal battery when supplying space heating and domestic hot water to the buildiffgneith di
control strategies.

Simulations within the project TheB@khir et al., 2016, 2017aye donedr a single family house (based on
the IEA SHC Task44 reference buildin{@ott et al., 2012; Dott et al., 20)3)esigned as low energy
standard RES45: 4%kWh/n¥Ya space heating consumption, SH) at Innsbruck climate with thermal active
mass by floor heating. The reference floor area ismi%@he room temperature is controlled to 21#Q.5K
and the domestic hot water (DHW) consumption at 45°Qeiaperature is 2,1 48Nh per year.

The heat pump is equipped with a desuperheater with variable volume flow to reach 50°Cesettteenp

The ground source brine heat pump (HP) is connected to a water storage (TES) directly via the
desuperheater. The condenser of the HP can charge the TES or bypass the TES for direct heating of th
building. Domestic hot water preparation is donghwain external plate heat exchanger with controlled
primary mass flow.

The heat pump is designed for thermal power output of abckMViCat BOW35. The brine source

temperature is modelled with average temperature oft%K varying over the year. The dtepump can be
operated in different ways like: a) power controlled depending on the ambient temperature, b) power
controlled depending on availability of photovoltaic electricity, c) with or without using a désaper for
domestic hot water preparatiat) charging a water storage tank at different temperature levels or e) heating
the building to room temperatures with more or less hysteresis.

Five different control concepts where simulated (Thur, 2017), just the concept TES1000 with TES
overheating ircombination with a 1000 liter storage is presented here: For DHW preparation as standard
control, only the top volume of 30ider of the TES is heated up to 50°C.

As PV system a 2.BWeakSystem (20m?) mounted south oriented and 45°C tilted is assuihéae PV

power is higher than BW and greater than the actual electricity demand of the compressor. According to the
standard control strategy, the heat pump is in operation with compressor speed matching thei¢iy elect

and therefor the system caorgt heat in the TES until it is completely heated up to 55°C.

No household electricity is taken into account in these simulations to avoid the influence oftiassuion
the household consumption profile. Therefore, the PV electricity is first uséa beat pump and the
remaining electricity is completely feed into the grid.



The energy demand is reflecting the size, its location in Austria but also the stardgrd. The demand is
dominated by space heating, less than 1/3 is used for domestic hot water preparation (typidakvalues
45kWh/mz2.a energy standard). No cooling demand is present in-famglg houses in Austria.

The coincidence of PV productiand HVAC electric demand due to the control concept is comparable

high, as 3.6MWh are provided by PV and 1.2MWh are directly used by the heat pump and only 2.4MWh are
feed into the grid meanwhile 1.3MWh electricity are drawn from the grid. This resuieticonsumption

ratio of 33% (compared to 7% of the standard system control without the TES overheating strategy).
Therefor a high solar fraction and thus high-nenewable primary energy savings (73%) can be achieved
leading to an SPFequ of 6.9. Froost point of view the total annualized cost end up 44% higher than the
reference system.

ENERGY 12

kKWh
EC.Sys 0
SC.sys 0
PV.sys 3'637
GD.sys 1'289
EL.sys 2'390
WD.sys 2'173| 0.24
SH.sys 6'707| 0.76
CD.sys 0| 0.00
fsav.NRE 073
SPFequ 6.89
COST SHC REF
Annualized cost € 2'241| 1'556
LCOE €/kWh 0.252| 0.175
CR - 1.44




The figure below shows the yearly breakdown tostiiesystems and its noanewable primary energy ratio
(PERre), savings (fsawe) and SPFequ as added annual figufée subsystems analysis considers the total
electricity (PV + grid), thus the referred values are smaller than the corresponding overalifigeresnly
grid electricity is considered as energy input. As the energy balance is available only on ss#nal ba
automatic subdivision by the T53E4 Tool of SH and DHW can be performed. Thus, the same PER and
SPFequ respectively occur but the savings are slightly different due the calculation methodfefehee
system.

The total annualized costs are reflecting the small scale of the system. For the SHC systeminvestisne
are dominate followed by the electricity cost. The refeeerosts are dominated by investment and energy
carrier cost equally.



8.13. PVCOOLING (by: ATISYS, PV, C)

The PVCOOLING pilot project installed on the ATISYS hegifice roof-top, is located in Toulon area
(South East of France, lovely site in French Riviera). This French SME is coordinating the irenprajget

of a smart designed system named PV COOLING to produce solar cooling using a low GWP heat pump
system (propambased) coupled with a standard photovoltaic plant. A maximum af@®iimption is
promoted by means of a light bank of batteries and a chilled water tank.

In this pilot testing system, electricity is delivered by 18 morystalline photovoltaic modes (280 Watts
peak (Wp) for each module), which represents a total power of 5,0TkMg power is sufficient for driving
2 chiller compressors and all ancillary equipment dimensioned for 40ckWing capacity (condenser fan
and chilled water circuladn pump). The photovoltaic panels are connected to apiase wired inverter
along with batteries bank. The four-¥2lt batteries are connected in series to obtain a voltage of 48 V.
Their 150 Ah capacity each with a 50% depth of discharge (DOD) atibtasning a useful electrical
storage of about 3.6 kWh. This is sufficient to drive the full load power installation for abfeakbur. For
a real operational system, battery capacity may be chosen according to actual need to limittloarireot
during compressor ruap.

A variablefrequency drive has been installed downstream from the inverter which divides the inrush current
by 6. Two parallemounted semhermetic compressors were selected and adapted for propane. Each
compressor can provideoim 2.4 to 5.4 kW of cooling by varying its rotation frequency from 30 to 70 Hz.

This allows a cooling capacity between 2.4 and 10.8 kW. For the future, commercial PV cooling system

will be able to reach high cooling power till 300 kW using larger compress

The condenser is an air/R290 type heat exchanger, also caltsmblgid condenser. In order to reduce

refrigerant load, a microhannel type condenser has been chosen. The evaporator selected for the project is a
brazed plate heat exchanger alstaduée for propanel he major innovation regarding the heat pump system

lies in the use of low Global Warming Potential (GWP) refrigerant. The choice fell on propane {RB290)

GWP (<10), which is considerably low compared to a common refrigerant (e.g=G0Pfor R134a). The

only drawback with using propane is the necessity of additional safety due to flammability. Ag¢ordin

French safety regulation, positioning the chiller outdoor is considered as sufficient. Thus tiooaddi

safety measures areggssary.

The fluid that transports the refrigerating capacity from the cold unit to the chilled water teatleitmethyl
propylene glycol (MPG) mixture, to avoid any freezing risk. For this test bench, the chilledamktes t
representative for a tygal building which thermal load is simulated with an electrical resistor heating the
180 liter chilled water tank. That gives the advantage to fully control the building loads angusstbe
simulate several conditions which correspond to different imgjldtilization/insulation and climate
conditions in the large period of the year in this sunny part of France (far South). Solar pnaduubio
simulated therefore the essential period of cooling tests is located fredypmido end of November.

A monitoring system has been set up to show performances of the system according to the nekdstthroug
the year. The monitoring equipment is powered byG®OLING itself(Esparcieux P. and et al., 201The
hydraulic setup is shown Figurel106



Since he system was installed recently no annual data was available for the analysis. For the aralysis dat
from the months July and August was available. The following table shows the energy balance and cost
comparison based on the data available so far.

The ystem is designed to cover the cooling demand only. The main electricity consumption of the cooling
system can be covered by the PV system (60 %), 40% of the electricity is drawn from the grid:- The PV
electricity which cannot directly be used is fed irite grid which is 59 % of the total electricity produced by
the PV modules. The savings of the system sum up to 66% and an electrical equivalent SPF of 5.6
respectively. An important penalty in term of grid energy consumption is based on the fact¢haliethe

water tank of the test facility had to be cooled down first every morning to create conditionsilzienagtn

the simulated building behaviour, thus leading to significant higher grid electricity consumption.

The annualized costs of the SHC systam60 % higher compared to the reference system but is misleading
with only two months of operation. If full data is available, the CostRatio will decrease acopathddbe
lower than the reference from the designer prospective and assumptions.

ENERGY kWh %
EC.Sys 0

SC.sys 0

PV.sys 480 0.60
GD.sys 322 0.40
EL.GD 283

WD.sys 0 0.00
SH.sys 0 0.00
CD.sys 1'793 1.00
fsav 0.66




SPFequ 5.57

COST SHC REF
Annualized cost € 2'980 1'861
LCOE €/kWh 1.662 1.038
CR - 1.60

In the following figure the breakdown to the entire subsystems and ienewable primary energy ratio
(PERre), savings (fav.nre and SPFequ is presented as added annual figures but also the annual course. The
subsystems analysis considers the total electricity (PV + grid), thus the referred values ar¢hemahe
corresponding overall figures where only grid electyi@tconsidered. The SHC system shows a\RER

2.23 and can achieve primary energy savings of 66 % compared to the reference cooling system.

The main cost driver for the SHC system are the investment costs followed by the maintenanakscosts.
for the reference systethe investment costs amount to the highest share, followed by costs for electricity.
The share for electricity will increase significantly when considering the yearly data.



8.14.  Waldispuhl (by: SPF Rapperswil, PV, SH+DHW+C)

In a singlefamily house, a solar driven heating, ventilation and air conditioning system (HVAC) is installed.
The standard building is located in Arth (422 mlg,s prealpine region of moderate climate. A family of

four people is living in the house. Beside of space heating and cooling the HVAC is also usetkekircdo

hot water preparation. A grid connected 18\Ip photovoltaic (PV) panel field supplied tie electrical
components of the building. With this PV field a net positive yearly energy balance result caieledac

and thus it is a Swiss Minergie (total yearly specific end energy us&VBar*a).

The main component of the HVAC system is a pogssor heat pump with ground water as low temperature
heat source / heat sink (free cooling). An external plate heat exchanger separates the inpthddogaof
pump and the ground water loop. The thermal energy distributieaysiém for room heatirgnd cooling
contains a thermactive building component (TABS) which is implemented in the room floors. AiG80

tank is installed to store the domestic hot water. This water tank is charged by the heat putapkvia a
integrated heat exchanger andedectric heater for back up reasons.

The room cooling is done in the free cooling mode by direct cooling with the ground water ag Hiekhea

In the free cooling mode of the HVAC system the compressor unit is bypassed with an internaayhree

valve (V1) and the cold can be distributed either to the TABS or also, with an additional heat exchanger, to
the room ventilation. Figure 1 shows the schematic of the HVAC system.

Since the system was installed recentl}camplete annual data are available for the analysis and no heat
demand was covered yet. For the analysis data from the months July and August was available.

The system is dominated by the cooling demand (78 %) and 22 % is used for the domestic hot water
preparation. The electricity demand of the building in the measurement period8Vh.3This energy
demand is covered by the AWBNVh (PV.sys minus El.sys) dhe PV system and by OMWh (GD.sys) of

the public grid. The total electricity conversion of PV is &¥/h but 2.2MWh of the energy is feed into the
grid. The reason of this high fedarate is that the PV system is designed for the heating seasarnén w
time where a lower solar irradiance is available but higher electrical energy demand is needed.

The annualized costs of the HVAystem are 33% above the costs of the reference system (CR = 1.33),
Table23. In this case, as only two months of demand are included in the calculation the Cost figures are
misleading and not reflecting the real cost. The only values that can be analysed are thenfavestme
replacement and maintenance cost.

| ENERGY | kwh | % |




EC.Sys 0

SC.sys 0

PV.sys 2'839

GD.sys 725

El.sys 2'151

WD.sys 458 0.22
SH.sys 0 0.00
CD.sys 1'595 0.78
fsav 0.67

SPFequ 4.33

COST SHC REF
Annualized cost € 3'37: 2'472
LCOE €/kWh 1.09( 0.82:
CR - 1.3¢

In the followingFigurel1CErreur ! Source du renvoi introuvable.the breakdown to the entire subsystems
and its norrenewable primary energy ratio (P&R), savings (av.nr9 and SPFeqis presented as added
annual figures but also the annual course. The key figures for the total system are includintgesie do
electricity demand and thus reflecting the concurrency of PV production and demand.

The cooling is provided via free cooliagd thus very efficient, an electrical equivalent seasonal
performance factor of >10 was reached. This value is including the overall electricity demanddP\f+gr
only grid electricity would be considered, the SPFequ is much higher as almost 60%ecaee by PV. The
same occurs for domestic hot water preparation. For DHW the heat pump is working, thus moriyakectric
needed summing up to an equivalent SPF of 2.63 (including 30% PV coverage). In comparisonén July th
cooling demand is almost dogtds high than in August were as the DHW demand is 30% higher and
domestic electricity demand is constant. Thus, the system Waldispuhl is dominated by coolinigetmref
the high savings at roughly 70%, whereas thexfsaysin Aug sums up to 40%.

The total annualized costs are reflecting that only two months of operation was monitored. Thus, the
investment and rept@ment costs are dominate. In this case the absolute values of investment plus
replacement (SHC: 2.6kREF: 1.5k€) are compared, showing an investment ratio of roughly 1.7. Although
this plant is only running for two months it ends up with an CR of &u3, $showing the potential to reach

cost parity within an entire year of operation.






8.15.  Freescoo AHU Morocco (by: FREESCOO, ST, C+SH)

The systenhas been installed at the library of AMEE in Marrakech within a research project between
Politecnico di Milano and AMEE (Agence Marocaine pour I'Efficacité Energétique). The aim of tketproj
was to develop, test and optimize a robust, low cost, lowtar@nce solar driven agonditioning concept,
suitable for Northern African climates.

The system is an ailh-one concept and integrates four evacuated tube solar collectors X RAY 10 by Pleion
having a design solar heating power of 4.8 kW and a gros®@a8e& nt. It has a maximum total air

flowrate up to 1000 #h, a maximum cooling capacity of 5.8 kW and a global rated EER of 16.7. Since the
system recirculates part of the return air, it takes about 50% of fresh air from the ambient drahb09%
building, providing at least 0,4 vol/h of air change in the room. The max power needed is absuaBbe
operative flow rate (1000 ). To drive the cooling process, about 2 litres of water per kWh of cooling
energy are needed.

In the wintertime, whn the sun shines the system can provide also heating to the room and ventilation in the
middle seasons.

The building is a threstage structureriented NESW and the last stage hosts the library. The library stage
has a square shape. The roof is plarte@esents a squasbaped skylight in the centre with a sloped roof.
The skylight height is 1.30 m and his rooftop is 3.50 m above the plane level. The internal &mbient
developed around the central space, corresponding to the square skylight. Time isrobiraposed of two
different spaces. The first is assigned to the document shelves, while the other is designateakte’th

seats. The net internal area is about 380Time internal ambient temperature is controlled by four existing
electrical spli systems, with a global cooling power of about 18 kW. It has to be noted that only some split
units could operate properly, causing frequent overheating during the summertime and insufitiegt he
during the wintertime.

The monitoring campaign has lnegerformed during the year 2017. For the heating mode data have been
registered in January and February (59 days), whereas for cooling operation from May to Sep&&mber (1
days). During the wintertime daily operation hours varied according to the wdrimg of the solar
collectors. In heating mode, the system runs solar autonomous, it is operated only when terapénature
solar collectors exceeded 25°C. In summertime the operation hours varied according to theeuiisefgh
and varied from 10 t84 hours a day. During the monitoring period the building was occupied as normal.
Global radiation on the horizontal on the site of Marrakech reaches 1100 Wieneas global solar
irradiation in one year is about 1.9 MWHRImMverage temperatures vary finabout 7°C to 35°C, peak
temperature from 4°C to 43°C. Peak humidity ratio is about 16 g/kg in July but mean daily vatakynor
don't exceed 12 g/k(Beccali et al., 2017)

The Freescoo system in Marodsa@ solar autonomous system which is used to cover 100 % of the cooling
demand due to the ventilation, without any backup. The measured data which is the basis foydisdsanal
not available for the complete year, but from May to September and Jaolstyruary in 2017. During the
mentioned months the system was in operation almost every day, in summer system the systerarwas off f
14 days in total whereas it was not stop in the daily operation during the winter. The folloviénghtaks

the energyalance and annualized cost comparison of the system.



ENERGY kWh %
EC.Sys 0

SC.sys 4’925

GD.sys 911

WD.sys 0 0.00
DHW.sys 0 0.00
CD.sys 5528 0.8¢
SH.sys 960 0.1F
fsav 0.74

SPFequ 7.12

COST SHC REF
Annualized cost € 1'033 1'061
LCOE €/kWh 0.159 0.164
CR - 0.97

The system is designed to cover 100 % of the cooling demand by solar thermal heat. The onlgladdition
energy input is coming from the grid electricity to operate the solar pump and ventilators. Tadlezadnu
costs for the Freescoo system are competitiitbe costs of the reference system, showing a cost ratio of
0.97, although only 7 months of operation are considered.

In T53E4 Tool subsystem assessment is calculated with theenewable energy input. In this case only
grid electricity is necessary to run the system and all the other energy is provided by healairtimersoal
collectors. The cooling system is vefffi@ent (PER of 3.02) and achieves 75% nrenewable energy
savings compared to the reference system. The overall primary energy savings for the systentcsums up
75% compared to the reference system. The monthly profile of thedsdows a constant value above 70
% savings in summer. In September the value drops to 60 %, due to a problem in the system (that was
detected and solved). In the winter months savings of above 80 % can be achieved with the Ftestoo s
The subdivisiornf the heating and cooling mode in the yearly balance is misleading as the electricity is
divided according to the demands (SH:20 / C:80) but the measured electricity shows a ratibOfdsH:
C:90. Nevertheless, the monthly values of the system and/énellcsystem key figures reflect the quality
and the degree that can be reached with solar thermal autonomous operation.

The total annualized cost is showing the difference of SHC and reference system clearly. Thetmain co
driver of the SHC system are the investment cost, followed by the maintenance. These two doséslare a
summing up to 93% of the total cp#tus other cost (e.g. electricity) can be neglected. The reference
systems also relatively high cost for investment, as this system was only in operation for 293% éotire



year. If the system would run more often, the cost for energy carrierentdaiy respectively would get
larger and the SHC system would result in a smaller CR.



8.16.  Freescoo Palermo (by: Freescoo, ST+PV, C+SH)

The unit hadeen installed in 2014 at the Dipartimento di Energia, Ingegneria dell'Informazione e Modelli
Matematici (DEIM) of the University of Palermo in Italy. Data have been registered during Julyiguast A
2015 for summer operation and between January and Fgl2QEb for winter operation. The room served

by the system is an office with an area of about #&md a volume of about 19CnDuring the test, rooms
were occupied as normally. Above a maximum room temperature of 26°C, an additional split system was
operated to assist the freescoo unit in controlling the sensible load.

The system was properly designed for thecainditioning ofunderroof spaces. A casing contains the solar

air collector, the adsorption beds, an integrated cooling towetplatet heat exchangers, fans and all other
auxiliaries needed to accomplish the air handling process. The solar photovoltaic and thetatsir

(total area 2.4 @) provide respectively electricity used for the machines and heat for the regeneration of the
desiccant material. Peak power produced by the PV is about 170 W. A battery system is used to store
electricity produced from PV (6&h). If the solar PV production is not sufficient to drive the system,

systems commutates automatically to the grid.

The maximum total cooling power is 2.7 kW at design summer conditions (Toutside = 36°C, RHoutside =
50%, Tbui = 26°C, RHbui = 50%) with air flow rate of 500 fihr. A cooling tower, which is integrated in
the system, is used to reject the adsorption heat generated by the desiccant bed during thécktamidi
process. Regeneration is carried out using hot air directly warmed by thaisalalector. The air flow rate
passing the adsorption bed is 208hm which is 40% of the air delivered to the conditioned space.
Electricity is only consumed by the operation of three fans and two pumps. Cooling power isexbhroll
variable speethns.(Finocchiaro et al., 2015; Finocchiaro et al., 2016)

Only data from one wintemonth (January) and one summer months (August) was considered for the
analysis as well as only grid electricity is measured and was analyzed. The following table shevesdiz
balance and annualized cost comparison of the system.



The electricity driing pumps and ventilator was only counted from grid, PV production is unknow.
Nevertheless, the grid electricity demand and the provided heating / cooling reflects the alftosbla00
autonomous operation of the FREESCOO design. The overall savingpgordao, reflected by an

SPFequ of 61.6. Whereas the demand is dominated by the cooling (81 %) and 19 % was used for space
heating. The system is not designed to provide domestic hot water.

Due to low operating hours and analysed data respectively, the cost analysis is misleading. The LCOE
include the complete investment and replacement but only low running cost for electricity anccarréegy
(for reference). In this case the ratio oféstment is from higher interest than the total cost, LCOE or
CostRatio.

ENERGY kWh %
EC.Sys 0

SC.sys 609

PV.sys 45

GD.sys 11

EL.sys 0

WD.sys 0

SH.sys 126 0,19
CD.sys 533 0,81
fsav 0.96

SPFequ 61.55

COST SHC REF
Annualized cost € 347 372
LCOE €/kWh 0.527 0.565
CR - 0.93

Figurell6shows the yearly breakdown to the subsystems and its key figures. The T53E4 Tool subsystem
assessment is calculated with the overall electricity input (PV+grid), whereas the total systeamsialgrs

grid electricity for the calculation. The subsystems are reflecting the efficiency and degremofrgutThe
space heating can be provided with 7.2 kWh electricity (PV+grid), thus reaching 78% savings. Cooling
auxiliaries sum up to 48.5 kWHhjus reaching savings of 77%. Excluding the PV and only considering the
grid electricity leads to a overall saving of 97%.

The main cost drivers for both systems (SHC and Ref) are the investment costs followed by timamncainte
costs. Due to the low running hours of #ystem the costs of energy carrier for the reference system are
very low but will increase when considering the full annual data. This will result in a lower GosiR&ae



Freescoo system. Additionally, the electricity costs and replacement and resi&taadre neglectable for the
SHC system whereas those cost factors account for 32 % for the reference system.



8.17. Echuca (by: CSIRO, ST, SH+C)

Echuca Rgional Health is a public hospital in Echuca, Northern Victoria, Australiav(erh.org.al Solar

thermal heat delivery and cooling system was conceived to benefit the hospital: (i) avoid exgensical
networkupgrades, (ii) reduce hospital’'s energy consumption and hospital’'s carbon emissions and reliance on
fossil fuels.

Phase | of solar cooling system in Echuca Regional Hospital was commissioned into service imig011. T
system consists of 406°rof evacuagd tube collectors delivering heat to the facility. The design uses a
variable speed control pump in the solar loop to delive€ 3t water to the chiller. A 500V (rated

cooling capacity) single stage absorption chiller with gas backup is used t&r deldling to the building.
While heat is not being used for cooling the solar heat can be stored in two 5000 litre stosafm tank
domestic hot water or space heating purposes.

Phase Il of the solar cooling system was commissioned into ser\@0&n It consists of 820%wof single
axis tracking Fresnel concentrating collectors delivering heat to the building. A 1500 kW (rdieg)dom
stage thermal chiller is used for delivering cooling.

The following table shows the energy balance data for the system for one year of operation.y§teeigsnal
based on the data during the cooling and the shoulder seasons. Thermal energy utilized dumieythe wi
months is included in the analysis. Natuas is used to backup the solar thermal plant. Due to
instrumentation issues, solar thermal energy delivered to the storage tank has not been inttleded in
analysis. As a result, the system operates with a solar fraction of (SC/SC+EC) of 51%. Siatgamis
the backup energy source, the PER of the SHC is lower than that of the entire reference system.

At the time of compiling the report, annualised cost information, fsav, CR etc. of the systerpas not
available.

ENERGY kWh %
EC.Sys 131,229 | 0.49
SC.sys 136, 813 | 0.51
el.sys 32,500
WD.sys NA

SH.sys NA



http://www.erh.org.au).

CD.sys 304,604 1.00
fsav

SPFequ

COST SHC REF
Annualized cost € NA

LCOE €/kWh NA

CR - NA

Note : the IEA SHCTechnology Collaboration ProgrammkQA SHCTCP) functions within a framework created by
the International Energy Agency (IEA). Vivindings and publications of theA SHCTCP do not necessarily
represehthe views or policies of the IEA Secretariabbits individual member countries. THeA SHCTCP and the
IEA make no representation or warranty, express or implied, in respéts paper’'s content (including its
completeness or accuracy) and shradt be responsible for any use of, or reliancetbe paper.



