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1. Introduction

The number of solar cooling and heating (SHC) systems is increasing permanently (Mugnier and Jakob, 2015)
new technologies and different solutions are available on research level but also on the market (Mugnier,
2015). These systems are characterized by a high diversity of design possibilities including not only different
cooling and heating technologies, but also a great variety of different renewable and non-renewable energy
sources. Main obstacles for a wider and faster spread of solar cooling and heating are based on (i) lack of
knowledge. (ii) technical issues but mainly on (iii) economics.

To encourage a strong and sustainable market for solar, photovoltaic and new innovative thermal cooling
systems the IEA SHC Task 53 (T53) was initiated. It is building up on earlier IEA SHC work (e.g. Task 38 &
Task 48) 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 activities (Mugnier, 2016):

1. Investigation of new small to medium size PV & solar thermal driven cooling and heating systems, as
well as development of best suited cooling and heating systems technology with a focus on reliability,
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 (LCA - Life Cycle
Assessment) of different options.

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

5. Increasing energy supply safety and influencing the virtuous demand side management behaviours.

A special focus of the SHC Task 53 is on tested and demonstrated systems (Subtask C). The aim is to analyse
the performance of tested and demonstrated new generation solar cooling and heating systems. Therefore,
examples of solar cooling systems which are successfully demonstrated, operated or simulated in detail are
listed and information about the designs is gathered. An overview of the available systems is prepared within
the activity C2 “system descriptions for field tests and demonstration projects” (Neyer et al., in print, 2018).

Representative solar cooling systems are selected which will be analysed within activity C3 “Monitoring data
analysis on technical issues & on performances” in detail and summarized in this deliverable. The systems are
analysed on technical and economical basis with the developed T53E4-Tool (Neyer et al., 2016), which enables
the assessment and benchmarking of the different SHC but also references system.

The main aim of this activity is to

(M compare the system performance and costs against standard reference systems but also

(i) to analyse the difference of solar thermal and PV-driven cooling and heating systems.

(iif) ~ 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 systems.

2. Overview analyzed plants

The SHC systems present a great variety of different system design and applications. The technologies are
clustered according to the main component (i) PV: electrical driven and photovoltaic supported systems, (ii)
ST: heat driven and solar thermal supported systems, (ii) ST+HP: electrical driven and solar thermal
supported systems and (iv) ST+PV: systems supported by photovoltaic and solar thermal. The applications
are clustered according to the energy demands of space heating (SH), cooling (C) and domestic hot water
(DHW) and different combinations. Figure 1 gives an overview on the distribution of the 28 analysed
systems, more details are listed in Table 1 and a detailed description of each plant and its performance can be
found in chapter 4.
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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 the SHC systems use a solar thermal collector (13, 46%) to support the HVAC system. Six
use the solar thermal system in combination with an electrical driven heat pump, another seven ST systems are
used in combination with thermal backup’s. Twelve of the analysed systems are PV (43%) supported systems
and another three (11%) use both technologies, solar thermal collectors and PV.

The majority of the systems has more than one energy demand, most often the systems apply for a combination
of all three demands (DHW+SH+C; 46%), another seven apply for a combination with domestic hot water
(three DWH+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 (three, 11%) and domestic hot water
(one, 4%).

The analysed systems are dominated by small scale systems with a total heating/cooling capacity of below
10 kW (c.f. Figure 2) and hence also deliver rather small amount of energy over the year of below 10 MWh.
The smaller systems in the assessment are mainly PV systems, whereas most of the solar thermal systems have
an energy production of more than 100 MWh (c.f. Figure 3). The medium sized systems are dominated by
systems using heat pump in combination with solar thermal collectors and PV systems.
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Figure 4 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 summarized as solar fractions.
18% of the systems are design for typical base load with solar fractions <30%. The majority (17, 61%) is
designed for moderate solar fraction (still base load). Six systems (21%) reach the upper limit of solar
fraction >70% and can be treated as full load design, whereas three (11%) of them are designed for solar
autonomous operation.

The calculation of the solar fraction needs to be distinguished between electricity or thermal based systems.
The solar fraction for thermal based systems 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 the heat pump is
used to calculate the solar fraction. For PV supported systems the PV yield less 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 data of one full year
is available the calculation of levelized cost of energy and derivative economic key figures is reasonable. 24
(86%) of the plants can provide this annual energy balances and data. The remaining four systems (14%) are
only analysed under technical considerations, although the comparison of the technical key figures might lag
because of profitable boundary conditions under the period.
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Figure 4: Overview of chosen SHC systems for the assessment summarized by the used design, solar
fraction in % (left) and the period under consideration of monitoring or simulation (right)
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Simulated and monitored systems are analyzed in this assessment study. Nine systems (32%) are already
built and in operation and thus monitored data is available. The majority of nineteen system (68%) are
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 most important characteristics of all 28 SHC systems is shown in Table 1. It appears
that 17 different system are analysed but overall 28 configuration or cases were analysed. The derivative
systems are number by lowercase letters accordingly.
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Figure 6 is showing the relative distribution of energy demands that were satisfied by the SHC systems. The
figure is arranged according to the technologies (cf. Figure 1) and ordered by increasing capacity (from left to
right). The corresponding plant number and the absolute energy demand (in MWh) are shown on the x-axis
and the bar caption accordingly.

In general, it can be seen that the larger systems typically satisfy more than one and often more than two
different demands. Contrary smaller systems are often designed for only one single application. The majority
of the larger systems are solar thermal supported systems using hot backups (boiler). None of the PV supported
but also of heat pump-based systems serves for more than 60 MWh, 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 and capacity. Numbers in the bar refer to the absolute energy [MWh]
delivered by each system.

3. T53E4 Tool: Assessment / benchmarking — Methodology

Assessing the performance of different SHC systems, in a common comparable format, is complicated by the
numerous applications (e.g. space heating — SH. domestic hot water — DHW and cooling), alternative energy
sources and design possibilities. Furthermore, there are a number of different energy units with different
thermodynamic or greenhouse gas emissions implications (e.g. primary energy. thermal energy and electrical
energy). An evaluation procedure can be applied across a humber of alternative system boundaries. These
system components are interacting with each other and influencing the system performance.

To analyse the system performance and perform a comparison between completely different system designs
and sizes a holistic analysis is necessary. Therefore, an evaluation tools, named T53E*-Tool (Task 53 Energy-
Ecology-Economy-Evaluation-Tool), was developed within the SHC Task 53 (Neyer et al., 2016) for assessing
solar cooling and heating systems on technical and economic level based on monthly energy balances. The
tool is based on prior work of IEA SHC Task 38 (Napolitano et al., 2010; Fedrizzi et al., 2012), IEA SHC Task
44 ( (Malenkovic et al., 2013) and IEA SHC Task 48 (Neyer et al., 2015).

The T53E4-Tool assessment is based on energy balances provided by simulations or monitored data on
monthly and yearly basis. It provides a wide range of fundamental data for several technologies and
components such as efficiencies, investment and maintenance cost but also country specific information like
energy prices and primary energy conversion factors. A wide variety of sources such as PV, solar thermal
collectors, natural gas boilers, heat pumps, pellet boilers or even district heating as well as different cold



sources such as compression chillers, district cooling, absorption or adsorption chillers and cooling towers can
be considered. It also includes information about hot and cold as well as battery storages.

Furthermore, the energy flows and system layouts are defined by including the different energy quantities that
are transferred from one to the other component. An overview across possible component connections is shown
in Figure 7 illustrated as energy flow (EF) chart. This EF-chart, that can be simplified according to the entire
system and its layout and provides an overview of traded (non-renewable) energy, renewable sources and
energy demands. Defined key performance indicators are 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 economic, quality and cost
effectiveness are fully discussed and defined in the IEA SHC Task 48. For simplicity, only the main key figures
are referenced in this paper. Generally, more than one metric will be required to capture a complete picture of
system performance.
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CR Cost ratio (-) MFH Multifamily house T Temperature
DE Domestic electricity MPG g?;é?{l propylene T53 IEA SHC Task 53
DHW Domestic hot water PER Primary Energy Ratio TABS Th_e rmos-active
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The T53E*Tool includes a technical as well as an economic analysis. Instead of showing absolute results,
which are depending on a lot of different boundary conditions, the performance of the entire SHC system is
compared to a predefined reference system. The reference system ensures that the results of a wide range of
solar cooling and heating systems are comparable.

The reference system defined in T53 uses a natural gas boiler as heat source and an air-cooled vapour
compression chiller for cooling. The analysed systems are compared to this reference system, but the tool also
provides the possibility to compare the values with a specific (user defined) reference system, which 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 monthly energy
balances of the heat and electricity. In addition to the overall performance of the complete solar heating and
cooling system, the T53-E4 tool divides the results in further subsystems (cooling, space heating, domestic hot
water, district heating, district cooling)

Appropriate key performance indicators (KPI) are used for the comparison of the overall SHC systems with
the corresponding design. The Seasonal Performance Factor (SPF) for a given system boundary is generally
defined as the ratio of useful energy (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 is calculated over
a defined period of time (e.g. annual or monthly). Well known SPFs are based upon thermal or electric energy
inputs.

However, the electrical SPFe can be misleading when a system with different energy inputs (thermal and
electrical) is analysed. The SPF¢ might show high results even when large amounts of fossil fuel (e.g. gas)
back up is consumed with overall poor environmental performance. Therefore, the Primary Energy Ratio
(PER) and derivative key figures like the electrical equivalent SPFeq and non-renewable primary energy
savings (fsav.nre) are calculated and provide a better base for assessing different SHC systems.



e Non-renewable Primary Energy Ratio (PERngre)

The non-renewable Primary Energy Ratio (PERnre) converts all non-renewable energy flows into primary
energy equivalents. This provides appropriately comparable quality ratings for energy derived from alternative
electricity, solar and fossil fuel heat energy sources. It is defined in Eq. (1) as the ratio of useful energy (X Qout
supplied to satisfy the needs of the building) to non-renewable primary energy (electricity Qe.in and other Qin
energy carriers) scaled by the corresponding primary energy conversion factor . It considers all energy
required for production of the energy carrier, such as extraction, generation, transformation, or transport and
therefore takes their influence on the environment into account. The PERnre is calculated for all non-renewable
energy inputs, for the different subsystems and also for the entire reference system (PERNge.ref).

—_ XQour _
PERNgE = Z(Qel_in+Qﬂ) @

gel  fin
A high value for PERnge 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. However, values for PERnge (in
a magnitude of ca. 1 to 2.5) are not directly comparable with any widely available industry figures of merit
such as the EER or SEER of a vapour compression chiller.

For comparison with conventional technologies, a simple reference system can be defined based on known
useful heat consumption (measured or simulated results) for DHW, SH and cooling. The reference system of
Task 53 contains a natural gas boiler and an air-cooled vapour compression chiller. A small hot water tank for
domestic hot water is included as well as a cold-water storage volume. No hot water storage is considered. The
specific reference system can be chosen including biomass boilers, water storages, etc. Additionally, the
parasitic electricity consumption for the reference system (e.g. boiler. pumps. etc.) in kWhe is defined. Heat
losses of a reference domestic hot water tank are calculated. Eq. 2 shows the calculation of the PERNge ref.

Y Qout
PER =
NRE.ref Qout.heat+Qloss.ref . Qout.cold Qel.ref (2)
L L
ein*MHB.ref SPF¢ref*eel el

Certain primary energy conversion factors (g) for each type of energy source have to be provided to calculate
the PERnre. The primary energy factors depend on local conditions (e.g. the source from which local electricity
is derived) and can vary over the entire year. Especially when PV or other fluctuating renewable electricity is
included, the yearly trend should be used.

o Non-renewable primary energy saving (fsa.nre)

The non-renewable primary energy saving (fsav.nre) represents the percentage of reduction in non-renewable
primary energy for the application compared with the reference (business as usual) system. Generally, the
reference system can also be another renewable system. The PERnre.rer USeS the same calculation method as
PERngre but takes the standardized component information to calculate its non-renewable primary energy
demand. The non-renewable primary energy savings (fsa.nre) can be calculated as follows (Eg. (3)).

PERNREref

fsav.NRE =1l-— " (3)

PERNRE

The fsavnre Cannot exceed a value of 1 but can be negative, depending on the choice of reference system
(standard or renewable) and the performance of the SHC system (auxiliary electricity demand and fossil
backup). A high fsy.nre indicates that a high solar fraction is given in the entire SHC system (if its compared
to a non-renewable reference system).

The savings are used to generate a labelling to express the quality of the SHC systems. The labelling is based
on the European energy labelling 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 the reference
system the fsav.nre iS greater than zero. The energy label is calculated for all subsystem (SH, DHW, C, etc.) and
the total system.



o Electrical equivalent Seasonal Performance Factor (SPFequ)

The “Electrical equivalent SPF” (SPFeq) combines all non-renewable 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 non-renewable primary energy factors for electricity (ge) and
energy carrier (any kind of fuel) input (eec). The SPFeq is calculated by using Eqg. 4.

_ PERNRE __ Y Qout
SPE, ., =
o = = ot @

The electrical equivalent Seasonal Performance Factor for a subsystem (e.g. cooling SPFequ.c) can thus be used
to compare the application performance with a commonly used SEER value, even when hot backup is used as
part of the heat supplied to a thermal driven chiller. The SEER declares the efficiency of a component under
standardized testing conditions. The actual system performance is often much lower than these SEER values
(cf. Wiemken and Elias (2013), Nocke et al. (2014) and many more). Same SPF.q, indicates finally an equal
primary energy demand, although the systems are supplied by different energy quantities.

3.2.Economic key performance indicators

The economic analysis is based on the cost ratio. Therefore, the total annual costs for investment. replacement
and residual value, maintenance, energy and water cost are calculated automatically by the T53E*-Tool based
on pre-defined values representing cut off values defined in Task 53. The annualized costs for the entire system
are calculated by means of the annuity method, derivative key figures (e.g. primary energy avoidance costs.
etc.) can be calculated easily.

e Investment & replacement costs

Specific costs for the main components include economy of scale investment prices. The greater the capacity
of a certain component the cheaper is the specific investment cost. Examples for different types of chillers are
included in Figure 8. The investment curves indicate typical average and cut off values mainly valid for central
Europe. For each component the estimated lifetime, costs for maintenance, service and inspection are defined
under consideration of VDI 2067 (2012). It has to be noted, that significant deviations of investment and energy

prices to specific projects may occur. Therefore, all values may be changed, and user defined values can be
implemented in the T53E*Tool.
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Replacement cost and residual values for each main component considering the lifetime of the components
and the inflation rate is included for all main components.

e Consumption based cost: maintenance / energy / water

For each component, a percentage for maintenance costs per year is fixed in relation to its investment costs,
following the suggestions of VDI 2067. Huge differences occur at domestic, commercial or industrial costs for
different energy quantities. Domestic prices are higher but are mainly based on energy consumption.
Commercial and industrial prices have low energy-based costs but can include capacity prices. Table 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 €/kwW Natural gas — annual 70€/a

o Levelized costs of energy — LCOE

The costs for each category (9 categories: investment, replacement, maintenance, electricity, feed-in, energy
carrier, water and domestic electricity) are summed up and discounted to an annualized value (Can) according
to the defined economics (including inflation rate, credit rates, etc.). The total annualized cost (Cantor) is the
sum of yearly annualized costs using the set of standard costs in the assessment tool.

Can.tot = Z?(Can)i (5)

The Levelized Costs of Energy of the SHC (LCOEsnc) and also the one of the reference system (LCOERrer)
are the ratio of annualized costs to the overall useful energy provided to the application (Eg. (6)).

C,
L E — an.tot
co Qcp.systQpc.systQup.systQwb systQpH systQel. DE (6)
Nevertheless. to 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 systems with the
Levelized Costs of the reference systems.

e CostRatio - CR

The cost ratio is calculated by comparing the total levelized energy costs (Cit) of the SHC system and the total
levelized costs for the reference system. The tool calculates the levelized costs (€/KWhyseful energy) based on the
annualized costs (invest, replacement, maintenance, energy. etc.) and the delivered energy flows of the

application.
o
CR — tot.SHC
Ctot REF (7)

Main assumptions for the calculation of the CostRatio are summarized in the following Table 4.

Period under consideration 25a Inflation rate 3%
Credit period 10a 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 standardized costs
(investment, energy, feed-in, economics, etc.) and efficiencies (SPFrf, boiler, etc.). Individual costs can be
calculated by the tool but are not considered here in order to generate a base to benchmark the systems. The
economic assessment of the analyzed SHC systems is based on different levels of detail.

4.1.Investment cost

The first level is based on the initial costs; thus, investment costs are analyzed only. An Invest Ratio is
calculated comparing the investment of the SHC system and the standardized reference system. If the ratio
results in values greater one the initial costs for the SHC system is larger compared to the state of the art
accordingly. Values smaller one could be reached theoretically but are unlikely when using standardized costs,
nevertheless it could be reached under consideration of investment subsidies, future costs evolution or other
project specific circumstances.

The blue bars in Figure 9 and Figure 10 show the 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 bar shows the specific
investment costs for the reference system of the same capacity. The figures show that the investment costs of
both, solar thermal as well as PV-driven 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 occurs for the invest ratio,
which gets smaller with larger capacities, but is more depending on the specific application and the design
(solar fraction) of the system than only on size. The specific investments of the solar thermal supported system
start at roughly 2’000 €/kW and drops slightly below 1°000 €/kW. The combination of solar thermal and heat
pumps shows higher specific investments starting at 3’000 €/kW and dropping down to slightly above 1’000
€/KW.
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The variation of the spec. investments is much higher at the PV driven systems. Some of the systems show
investments greater than 4’000 €/kW (also designed to provide PV electricity for household) a large number
of plants results in investments of roughly 3’000 €/kW; nevertheless, with larger systems ratios well below
1’000 €/KW are reached.
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Figure 11 shows the invest ratio for all systems arranged in coherence with the achieved non-renewable
primary energy savings and as frequency distribution graph (histogram). Trend wise the investment ratio is
getting larger with larger solar fraction and non-renewable primary energy savings respectively. The systems
designed to achieve high non-renewable primary energy savings or complete solar autonomous operation come
up with the highest investment ratio. The majority of the plants reach an invest ratio between 1.8 and 2.4,
above and below, there are equal numbers of plants. Three outliers, which are all PV supported systems built
for household electricity supply and thus not reflecting the costs in relation to the HVAC, reach a ratio greater
than 4.
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4.2.Total annualized costs

The figures above show 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 including fuel,
electricity costs based on the energy production, maintenance, water and replacement costs over the whole life
time of 25 years.

In Figure 12 and Figure 13 cost distribution based on annualized costs is shown for the solar-thermal and PV-
driven systems. If the data available is less than one year (for 4 plants: #13-14, #16-17) the cost distribution is
not shown as it would distort the analysis. The systems are sorted according to their amount of supplied energy
(demands), the more energy supplied the further right they are arranged. In general, the share of investment,
replacement and maintenance (as both are calculated depended on investment) is gets less the more energy
demand is required by the system.



The main cost driver of the investigated SHC systems are the investment and energy costs. For the solar-
thermal systems the fuel costs for the backup (energy carrier for heating, electricity for cooling) can get larger
shares, whereas for systems combined with a heat pump (ST+HP, PV) the electricity costs are dominating.

The solar thermal driven systems come up with investment shares of 30-60% and operation-based cost (energy
carrier and electricity) of 15-50%, remaining costs are used for maintenance. The solar thermal and heat pump
combinations are clearly more dominated by investment as they are smaller systems and the component costs
of the heat pumps are higher than ordinary backup boilers (e.g. natural gas).

The graph for electricity driven systems includes the feed-in compensation, displayed as negative values) and
if present the house hold electricity costs. The investment shares for combined ST&PV systems is at the highest
level of roughly 55-60%, these systems further show an operation-based cost share of 20% and maintenance
costs of roughly 15%. The pure PV supported system have varying investment shares of 40-60% for smaller
systems and 25-40% for larger systems. The rest of the distribution is the same as for the ST systems,
dominated by operational cost (electricity) and 10-15% of maintenance. The electricity costs for the systems
are put together by electricity (10 €cent/kWh) and capacity prices (80 €/kW). Depending on the country
specific boundaries and the size of the system a pure energy-based price might be more realistic. If the costs
of electricity equals 20 €cent/kWh and no capacity-based prices are deposited roughly the same costs would
occur.

1,0 1 2 FEE @EMaintenance
09 +0, sl -

0,8 +--f--- - EWater

07 07 SEnergy carrier
06 +7 -

* [Electricty - HVAC

- [Replace+Residual

cost distribution [-]

Soopooo0
B O R, N W B~ W

) Invest

Efeed-in electrical

15 7 1b 17 1a 9c 9a ‘ 8a 8b 3 2d 2b 10
6 109 | 180 | 285 | 143 | 1076 | 1190 ‘ 9 9 19 44 61 63
ST+boiler ‘ ST+HP

Technology / energy demand [MWh] / plants #

B household

electricity
[ Maintenance

_ 010

- oy = = = -

- 002 :
_onn. 013 012 @

: _  mWwater
[ Energy carrier

[ Electricty - HVAC

cost distribution [-]

~ [@Replace+Residual

Invest

- =feed-in electrical

9b 9d

1190 | 1076

Technology / energy demand [MWh] / plants #



4.3.fsavnre VS. CostRatio

The overall assessment of the technical and economic performance of the SHC systems is shown as coherence
of the non-renewable energy savings (fsavnre) and of the CostRatio (CR). The CostRatio shows the ratio
between the total annualized costs of the SHC system compared to the total annualized costs of the reference
system. A CR greater one indicates higher annualized costs for the SHC system and a CR lower one annualized
cost savings for the SHC system. The difference to the investment ratio is that it considers the investment costs
on annual basis but also includes the costs during operation.

Following general format of Figure 14 is used often in further chapters and is showing the CostRatio in reversed
order, thus the more beneficial a system the more it will appear at the top of the chart. The non-renewable
primary energy savings are arranged in normal order, thus the more savings a system can achieve the more it
will appear at the right-hand side. The reference system is present at cero savings and a CR of one.

The comparison of the economic and technical performance of the systems shows in general that higher
primary energy savings result in higher cost ratio. There are also examples showing that with a well-designed
system it is possible to achieve both, high primary energy savings as well as a cost competitive system. The
majority of the systems can achieve savings above 40%; almost half of them can reach CR smaller one! Details
of the distribution are detailed in Figure 15. As Figure 14 is showing the result of all systems (ST and PV
supported) the 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 right conclusion of a high number of individual systems, they are clustered by
different characteristics like technology, location, application and load and compared trend wise according to
their technical and economic performance.

4.4.1.0Overall
The trend analysis of all 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 cost ratio increases
with the increase of primary energy savings. Nevertheless, it can be 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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4.4.2. Technology: ST vs. PV

For this comparison the systems are classified by the used solar technology. The distribution of the used
technologies is the following:

e ST (6): #1a, #1b, #7, #9a, #9c, #15

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

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

e PV (10): #2a, #2b, #4, #5, #9b, #9d, #12 (#6, #11a, #11b)

o Notincluded (4):  #13, #14, #16, #17

The systems #13-14 and #16-17 are not included in the evaluation since no full yearly data are available and
therefore the fsavnre and CR are not representative and comparable to the other systems.

SHC systems combining solar thermal collector with an additional boiler are cost competitive at lower primary
energy savings (20-40 %). At higher savings (70-100 %) 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 thermal 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 they can be used
efficiently to cover the base load. On the other hand, boilers are characterized by low investment costs, but
relatively high fuel costs and therefore are more efficient to cover the peak demand. SHC systems using solar
collectors in combination with a heat pump, on the other hand, show a stronger increase of costs with higher
primary energy savings, since these systems are mainly investment costs driven.
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In Figure 18 SHC systems with combined used of PV and solar thermal are displayed. Since the number of
representative systems is very low no trend could be shown. On the right-hand side the trend for the PV-driven
systems can be seen. It is shown that the CR is increasing slightly with the increase of non-renewable primary
energy savings. Some examples show that well-designed PV-driven systems can be cost competitive also at
higher environmental performance. Plants #6, 11a, 11b are excluded from that trend as the serve for domestic
household electricity.
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4.4.3.Location: North vs. south

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

e Southern (11): #1a, #1b, #2a, #2D, #2e, #4, #5, #9c, #9d, #10, #15
o Northern (13): #2c, #2d, #2f, #3, #7, #8a, #8b, #9a, #9b, #12 (#6, #11a, #11b)
o Notincluded (4): #13, #14, #16, #17

The comparison in Figure 19 clearly shows the difference between the locations. Whereas the systems located
in the south can compete cost-wise with the reference system also for higher primary energy savings the CR
for northern systems is increasing strongly. The main reason for the good performance of the southern region
is the higher solar yields over the entire year, as well as a longer cooling season with higher loads to use the
abundant available solar energy more efficient in summer.
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4.4.4.Combination: Technology and Location

The two previous trends are combining a lot of different boundaries either for location or for technology, thus
this comparison is combing the two categories accordingly.

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

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

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

e Notincluded (7):  #6, #11a, #11b, #13, #14, #16, #17

The trend in Figure 20 for 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 showing the lower CRs.
The general trend for southern compared to the northern locations is like above very clear; showing that for
southern location the CR are below a CR of one for almost all plants, whereas for the northern location only
system with low savings can reach cost equity and additional cost of >40% occur when savings of 80% should

be reached.
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4.4.5.Base vs. full

The heat or cooling load which is covered by the SHC system has a strong influence on the annualized costs.
Therefore, the systems are classified in 4 sections based on their solar fraction with the following distribution:

e SF<30 (4): #2a, #2c, #7, #9b

e SF 30-70 (15): #1b, #2b, #2d, #2e, #2f, #3, #5, #6, #8a, #8b, #9a, #9d, #11a, #11b, #12
e SF70-90 (3): #1a, #4, #9c,

e SF>090(2): #10, #15



o Notincluded (4):  #13, #14, #16, #17

A few systems are designed for low solar fractions <30% and the majority of them can reach CR smaller one
or close to one. Only system #7 is showing with its biomass backup boiler results in relative higher costs. Most
of the SHC systems (15) are designed for a solar fraction between 30 and 70%. There are several systems that
achieve cost savings, whereas others have significantly higher costs compared to the reference system. The
trend is showing a lower gradient, indicating lower cost increase to reach the same savings as with lower solar
fraction, nevertheless it is obvious that the more base load the cheaper a system.

Figure 22 show the trend for higher solar fractions. The trends are shown only for 70-90% category but as only
three systems are including no comparison should be performed. Nevertheless, all systems show a CR lower
than 1.2 or even below 1 indicating very efficient designs.
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4.4.6.Number of application

In principle SHC systems are able to cover the space cooling, space heating and domestic hot water demand
or several different applications, but not all of the analyzed systems cover all three demands.

e One application (1): #4

o Two applications (9):  #1a, #1b, #5, #8a, #8b, #11a, #11b, #12, #15

o Three applications (14): #2a, #2b, #2c, #2d, #2e, #2f, #3, #6, #7, #9a, #9b, #9c, #9d, #10
e Not included (4): #13, #14, #16, #17

There is only one system that is designed to cover only one demand (#4 DHW only). The systems covering
two demands show a slight cost increase with increasing primary energy savings, whereas the systems covering
all three demands show a stronger cost increase with increasing primary energy savings. Nevertheless, 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 year around demand.
Satisfying two demands is less complex but might end up in less demand. Increasing the non-renewable
primary energy savings seems to be less effort, thus leading to lower gradients in the trendlines.
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CostRatio [-]

4.4,7.DHW vs. SHvs. C

The analysis of the specific application is aligned the same direction as the trends according to the number of
applications. The systems distribution is almost even, thus the trends can be compared in all conscience,
although the system performance is depending on the ratio of the particular demand and its sub-system

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

#11a, #11b, #15
o Notincluded (5): #13, #14, #16, #17

In the following Figure 25, Figure 26 and Figure 27 the trends are shown on system level (left) and for the
entire sub-system only (right). The trends of the sub-systems show lowest CR and lowest gradient for DHW
(year around usage), followed by cooling and heating. The trends of system show a very similar behavior for
DHW, SH and C. Each line reaches cost parity between 40 and 50% non-renewable primary energy savings.
Thus, the systems design for each of the demands can lead to very economic systems but also to high savings.



The lowest gradient can be achieved by systems including cooling, followed by systems with domestic hot
water and space heating. In any case it should be noted that the overall gradient is very depending on the
ratio of the subsystem and its respective efficiency.
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4.4.8.Monitored vs. simulated
In the following trend the comparison of monitored and simulated systems is performed.

e Monitored (5): #1a, #4, #5, #7, #15

e Simulated (19): #1b, #2a, #2b, #2c, #2d, #2e, #2f, #3, #6, #8a, #8b, #9a, #9b, #9c, #9d, #10,
. #11a, #11b, #12

e Notincluded (4): #13, #14, #16, #17

The results of the monitored plants are in the higher range of savings (>70%) but still show comparable low
CostRatio’s. The trend is mainly driven by plant #7 and its expensive biomass backup. Not included plants are



all monitored but cannot provide yearly data up to now. All remaining plants are simulated and are summarized
in Figure 28 (right hand side).
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4.4.9.Size: small vs. medium vs. large Capacity

CostRatio [-]

fsav.NRE [-]

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

shown.

Small size, <10 kW (8):
Medium size, 10-100 kW (5):
Large size, >100 kW (7):
Not included (7):

#2e, #2f, #4, #5, #7, #8a, #8Db, #12, #15

#2a, #2b, #2c, #2d, #3,

#1a, #1b, #9a, #9Db, #9c, #9d, #10
#6, #11a, #11b, #13, #14, #16, #17

The trend of the small-scale 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 savings (40-60%) cost equity can be
reached for many cases, if the savings are getting higher the CostRatio is increasing up to 50%. The trend of
large-scale 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 #13-14 to #16-17 do not contain full yearly data and therefore cannot be compared to the other
systems. The analysis is based on measured data over several days or months. Since the system performance
is not constant over the year the achieved results very much depend on the measured time and season. Further,
the results for the CostRatio needs to be taken with care, since the CostRatio is based on the total annualized
costs including operation-based cost but the total energy demand is not known the CR’s might be higher than
for full annual data. Nevertheless, these systems under development present a very promising initial position
coming up with high non-renewable 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 boundary conditions. If
one of these boundaries is changing the results might change more or less significantly. Thus, the crucial
boundary conditions are evaluated with a sensitivity analysis. Accordingly, six boundaries are changed in a
wide range and the results are summarized for the overall trend, and the trends for northern and southern
location separated according to the underlying technology (PV or ST).

The six parameters and their range of variation are shown in Table 5. Each parameter is varied seven times in
a selected range to represent a reasonable and market relevant series. The variation is given in % compared to
the base case (100 %). The 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 Cost (E/kW) 40 |55 |70 |85 |100 115130
Electricity price (10 ct/kWh) 50 | 100 | 150 | 200 | 250 | 300 | 350
Natural gas price (5 ct/kWh) 50 |75 |100 | 125|150 | 175 | 200
Auxiliary demand (KWhel) 50 |60 |70 |80 |90 |100] 110
Energy output (KWhuse) 80 |90 |100 110|120 130|140
Conversion factor (0.4 KWhe/kWhnre) | 80 190 | 100 | 115 | 130 | 145 | 160

5.1.Investment

The investment cost for all components (SHC + Ref) were changed according to Table 6, in the graphs four
selected results are presented. The investment costs are changed in 15% steps from increased costs (115%) to
decreasing investments (85, 70%) accordingly. If the levelized cost are more investment dominate the effect
of this sensitivity is larger. Investment costs are only affecting the CostRatio, the energy savings of the entire
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 congruent to prior findings, 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 roughly 90% savings.
The change of +15 % in investment is having more effect when the investment costs are higher (115%
compared to 70%). Accordingly, the trend lines are not equidistance and have higher divergence at higher
energy savings. If costs can be reduced by -15% (green) energy savings of 65 % can be achieved with a CR
below 1 and thus representing costs lower than that of the reference system. If the costs can be reduced by -
30% (orange) the gradient of the trendline is getting smaller, starting at a CR of 0.85 and ending at a CR of
0.9. Thus, the 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 ST and PV supported
systems is represented in Figure 33. The effect is larger in northern located SHC systems as they are more
investment dominant compared to the southern location, were the (cooling) demand and thus the fuel costs are
more important.

The southern origin trend (left) starts at a CR of roughly 0.8 and 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 equalized. The trends
for ST and PV gets equal at -15%, ST shows a small advantage at -30%. This change is pointing on the fact
that ST is slightly more investment dominated compared to PV driven systems at the same level of savings.

The northern trend is representing a much stronger gradient compared to the southern locations. Its original
trend starts at a CR of roughly 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 accordingly, the CR
drops and a large part of the trendline is ending at CRs smaller than 1. The change in trendlines shows that for
northern location the PV supported systems are much more investment dominated than the ST supported ones.
This is especially driven by the demands (heating and cooling) and its coincidence of solar irradiation but also
due to the design of the systems.
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5.2.Electricity costs

The electricity cost (only affecting energy costs) for all systems (SHC + Ref) is changed according to Table 6,
in the graphs four selected results are presented. The electricity costs are changed in 50% steps from decreased
(50%) to increasing electricity costs (200, 300%) accordingly. The base value before change is an energy price
of 10 €ct/kWhe. The electricity 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 in Figure 34 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 is getting larger.



Nevertheless the effect is very small and the change of CR is in a range of 10% at low savings and almost
neglectable at higher savings.
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If the trends are separated for ST and PV supported systems, the changes are getting more noticeable. In Figure
35 the shown variation is smaller than in the overall trend. The change of electricity price is -50% and up to
+100%, representing 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, thus they are
more sensitive on the change of electricity prices than ST supported systems. Nevertheless, also some of the
ST examples are combined with heat pumps and vapour compression chillers respectively and the difference
gets balanced.

For the southern location, the ST and PV trend gets more equalized if the electricity price is increasing.
Whereas the change for ST supported systems is larger at higher savings compared to PV supported system.
Thus, the auxiliary electricity demand of ST is larger compared to the PV systems. However, if the electricity
price rises up to 20 €ct/kWh the trendline is below a CR of 1.

For northern location the picture is quite different. The ST systems do not show a noteworthy sensitivity on
the change of electricity 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% (0.9 to 1.2) at low savings
with increasing electricity costs.
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5.3.Natural gas cost

The natural gas costs (only affecting energy costs) for all systems (SHC + Ref) is changed according to Table
6, in the graphs four selected results are presented. The electricity costs are changed in 25% steps from
decreased (75%) to increasing natural gas costs (125, 150%) accordingly. The base value before the change is
an energy price of 5 €ct/kWhgss. The natural gas costs are only affecting the CR, the savings cannot change



due to this sensitivity analysis. The higher the share of costs for natural gas used in a system (St + boiler or
reference), the more sensitive the CR.

The overall trend in Figure 36 is 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 costs are decreased the
CR is increasing, if the costs are increasing, the CR is decreasing. When natural gas costs reach 7.5 €ct/kWh
cost parity can be reached at roughly 60% of non-renewable primary energy savings.
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The separated view on southern and northern locations is shown in Figure 37. The picture is changing slightly
for ST and PV supported systems. For southern locations the change for ST is pushing the trendline at highest
costs of natural gas toward cost parity at high savings (orange line). The stepwise change of gas price is again
leading to almost parallel shift of the lines, indicating that the majority of ST supported systems is working
with gas backup und thus the ratio of fuel costs is not affecting. For PV supported system the effect of changing
gas prices is larger at lower savings than at higher savings. Overall the effect is more positive for PV supported
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 affecting the CR more at

lower savings than at higher savings. In these cases, the only 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. The positive

effect is larger than for PV driven systems, the CR at maximum savings is almost 20% lower. This

characteristic can occur when the SHC system itself is also affected by the change of costs (natural gas backup).
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5.4.Auxiliary demand

The electrical auxiliary demand for all SHC systems is changed according to Table 6, in the graphs four
selected results are presented. The electricity demand is changed in 10% steps from increased auxiliary demand
(110%) to decreasing electricity (80, 60%) accordingly. For the separated view the decrease is kept in a smaller
range of 90 and 80% of the original demand respectively. The auxiliary demand is affecting the CR (electricity
costs) but also the savings (non-renewable primary energy share of electricity).

The change of the overall trend is shown in Figure 38, the less auxiliary electricity is necessary, the higher the
non-renewable primary energy savings and the lower the CostRatio. The change in savings is more significant
than the change in cost and the changes are higher at lower savings than at higher ones. This points on the fact
that plants that reach higher savings are already optimized in respect to the electrical auxiliary demand and
thus the effects are lower compared to systems designed for lower solar fraction and non-renewable primary
energy savings respectively.

The separated analysis of southern and northern location in Figure 40 is showing slightly different sensitivity
on the change of auxiliary demands. For PV supported systems that are all based on electricity the change of
electrical auxiliary demand is almost neglectable. Its changing the CR at lower savings about 5% while there
is almost no change at higher savings; same neglectable behaviour is occurring for changes in the savings
itself. The effect for ST supported systems is not much more evident. There is almost no change at lower
savings and but a slight decrease in CR (~5-7%) and increase of savings (5-7%).
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For the northern plants the 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 savings are from minor
priority and almost neglectable. The effect on ST supported systems 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) for all systems
(SHC + Ref) is changed according to Table 6, 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 the
separated view the 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 demands are more
sensitive than large scale systems.

The change of the overall trend is presented in Figure 40, the more a system can supply the lower the CostRatio
and the larger the non-renewable primary energy savings. The change is more significant from financial than
from environmental point of view. Systems at the lower end of savings are less sensitive to the change than
systems at the upper end, as they are more investment dominated and thus the change of produced energy is
more affecting.
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The separated sensitivity analysis is shown in Figure 41 and representing differences for ST and PV supported
systems. The southern located systems are generally less affected as they mainly have larger energy demands
and thus can operate already more than in the northern locations. The effect on savings is more relevant at
lower savings and more relevant for PV supported systems. One major factor is the size of the systems, in
which the majority of PV supported are significantly lower in capacity but also in energy demands that are
satisfied than the ST supported systems.

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

The conversion factor for electricity for all systems (SHC + Ref) is changed according to Table 6, in the graphs
four selected results are presented. The conversion factor is needed to calculate the non-renewable primary
energy demand for allocation of each kWh electricity. The more renewable electricity (water, wind, PV, etc.)
is in stock the larger the value. As T53 standard a value of 0.4 kWhe/kKWhee is used. At present the value is
already larger for some countries (Austria, Germany, ...). Further this value is depending on the season (e.g.
hydro power or PV in winter / summer) or even on smaller time periods (e.g. Wind). However, a constant
annual mean value is used for the standard T53E4 analysis, but the tool offers the possibility to use / input
monthly changing values. Up to now only Austrian values were implemented as monthly values (Stadler 2015),
as they need to be calculated and are not available by default. Thus, the monthly analysis is an open issue to
be done in future work.

The factor is decreased down to 90% (lower value, e.g. in China) as well as increased up to 115 and 130%
accordingly. For the separated view the increase is even kept in a larger range of 130 and 160% (roughly the
value for Austria) of the original respectively. The conversion factor of electricity is affecting the non-
renewable savings only, the CostRatio cannot be influenced by this sensitivity analysis.

Figure 42 is presenting the sensitivity on the electrical conversion factor on the overall trend. The change of
savings depends on the system design and configuration. When the conversion factor is changed from 90 to
130% accordingly, single plants show a change in fsa.nre Of almost 20%, other plants a maximum change of
5%. The overall trendlines are moving towards higher savings if the conversion factor is increased. Whereas,
due to the amount of electrical auxiliary demand the sensitivity is slightly larger at lower savings (~10%) and
lower at higher savings (~5%) where the plants are already optimized.
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The separated trends, which are significantly showing a different attitude for southern and northern locations,
is shown in Figure 43. 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 gradient is changing much
more for the ST supported systems, indicating that the influence at higher savings is much lower compared to
PV supported systems.

For the northern locations the PV systems show a higher sensitivity at lower savings (~30%) 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 consists of an air-cooled vapour compression chiller for cooling and a
natural gas boiler for space heating and domestic hot water preparation. The efficiency is calculated according
to the size of the chiller (different technologies with varying SEER) and the part load for the natural gas boiler.

Nevertheless, the actual reference system and its related efficiencies depend on many factors. E.g. in Spain
there is a certain solar thermal fraction for domestic hot water obligatory; In other cases, a reversible heat pump
for heating and cooling seems to be the correct choice of reference; etc. Thus, the reference system must be
adapted on technical and economic side accordingly. If a project is analysed with the T53E4 tool, there is an
opportunity to adapt the local reference system, 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 environmental impact
(non-renewable primary energy savings) allow a rough estimation of changes in the reference system.
Although the trendlines could change its gradient and position, a single view on certain plants should be
possible. Depending on the specific energy demand mixture and individual boundaries for each case a new
origin can be calculated. An example is presented in Figure 44, two specific reference systems are calculated
for plants #9a/b and discussed briefly.

The two specific reference systems consist of a reversible heat pump with different seasonal efficiency factors
(theoretical and on total system level!) for cooling and heating. The corresponding non-renewable primary
energy savings 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 pump (ref #1) is applied savings of 11% at 17% higher costs are achieved. If the heat
pump would be more 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 dominate). If the investment costs keep
the same the CR is decreasing due to lower electricity costs to a value of 1.1.

o Ref #1: heat pump with system SPFc = 4, SPFy = 3 2 fawnre =0.11, CR=1.17
o Ref #2: heat pump with system SPFc =5, SPFy =4 - tavnre = 0.32, CR = 1.10

If the results are integrated in the standard figure the difference gets obvious (c.f. Figure 44). The origin of the
T53 reference is shifted accordingly. Both systems 9a (ST supported) and 9b (PV supported) account for cost
parity against the original reference systems at 30-35% savings. Compared to both new reference systems the
CR is lower for the renewable systems. However, if the high efficient heat pump system is implemented the
system #9b would result in negative savings (~-2%); system #9a would only achieve savings of 3%.
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6. Conclusion

New SHC systems can be very complex, since they are combining different technologies which interact and
influence each other, therefore the evaluation of the complete system as well as subsystems is challenging.
Within the SHC Task 53 an assessment tool (T53E4-Tool) was developed for standardized technical and
economic analysis and comparison of SHC systems. The technical analysis is based on yearly or monthly
energy balance, whereas for the economic analysis standardized costs and efficiencies are considered.

The T53E4 assessment shows different correlations and trends between the economic and technical key figures
of different kind of SHC systems. Even though 28 systems are considered for the analysis the critical mass for
statistically loaded results are not achieved and thus adding new examples can have a significant influence on
the specific results. It is also evident that the contributions are made by participants of the Task and thus the
sunbelt region (MENA, South Asia, America, ...) with its strongly growing market and interesting boundary
conditions are underrepresented. Nevertheless, 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 installations are available that are providing monitored data and these
projects often need to be considered as demos or pilot plants rather than purely commercial systems. Therefore,
the economic aspects of these projects must be considered with significant care. For example, the SERM
project (c.f. chapter 8.1) was installed under total commercial conditions but has been the very first installation
for nearly all the actors and especially the installer. This led to an installation time longer than expected and
thus to higher cost (especially provisions for unexpected events).

Thus, the cost analysis of all SHC systems and of the reference system performed and presented here are based
on the same assumptions. The real costs may vary significantly under different boundary conditions e.g.
location (countries), experiences 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 representative. For
example, if a solar thermal contribution in the domestic hot water production or space heating is established in
the national regulation, then the reference system should include such solar thermal facility accordingly (e.g.
like in Spain).

Nevertheless, for the assessment provided here it is important to have an independent comparison between the
different technologies or systems, but when designing individual SHC system the local conditions must be
considered in each detail! In the following section the results are discussed along some important headlines
representing ongoing discussions around the topic of new generation solar cooling and heating systems.

6.1. T53E4 Tool & Method

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

e Theaim of the T53E4 tool is to enable a standardized analysis of individual SHC systems and therefore
allow a comparison under SHC but also other renewable concepts in terms of technical and economic
performance. The economic analysis is based on standardized costs and predefined efficiencies and
conversion factors. The results are compared to a predefined reference system to represent all technical
and economic outcomes in a normalized way, avoiding a discussion of absolute magnitudes. However,
the absolute values are calculated as well and can be discussed when needed.

e To provide sufficient flexibility the T53E4 Tool is evaluating two standards in parallel, the T53
Standard and a project specific one. For designing SHC systems the consideration of local conditions



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

« 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 can be used very general. However, the T53E4 tool
will be published with all its documentation but without support and can be used for assessments of
renewable heating and cooling systems.

6.2.Small vs. large scale plants

o Among the analyzed projects, the cooling capacity is in a range to be considered as small (50% <10
kW) to medium (21% < 100 kW) therefore scale effects were not really achieved, and the benefit can
only be discussed theoretically.

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

e Air-cooled systems, 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 significantly. The
implementation of the entire external piping to the chiller shows high saving potentials (installation
costs).

e Most of the small-scale systems analyzed are PV supported systems. The main advantage using
Photovoltaic panels for small scale systems is that they can be connected to heat pumps at low
investment costs. A standard solar thermal supported system on the other hand requires rather large
investments like a cooling tower which can only be designed in a cost-effective way when used for
large systems.

6.3.ST vs. PV

e The convenience of PV or ST is strictly related to the loads to be covered: if the system does not
foresee a sorption device, the application of ST has the higher savings when applied to the DHW
production and space heating (if the control strategies allow this mode). On the contrary, PV
applications can reduce the electricity demand for cooling and, in the same way, heating and DHW
preparation.

e PV driven systems strongly 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, 2006) and IEA SHC Task 48 (Mugnier, 2011)) are an important knowledge base.

e Regarding PV supported systems

0 A special focus should be on the coupling between the solar production and the
thermodynamic converter (vapour compression chiller). Two directions are possible in general
(i) either the coupling is partial and complemented by the grid, or (ii) the coupling is full and
direct whereas the compressors are not manufactured for such a variable energy source. If the
compressor areis not adapted expensive batteries must be used. A focus on the management
of the compressor(s) must be elaborated in close partnership with the compressor
manufacturer.

0 Another crucial component is the solar inverter because it gives a margin to smoothen the
solar variability (especially through the MPPT tracker device but not only)

0 PV driven systems need to be designed with a control system focused on maximize the use of
the PV energy in the chiller / heat pump. These systems require in general storages: thermal
or electrical.



0 The use of surplus PV electricity (strongly depends on the design of the system) not used for
HVAC but still for self-consumption in terms of household electricity needs 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 PV self-consumption to reduce grid stress.

Regarding absorption chillers/absorption heat pumps

0 Renewable backup heat sources for thermally driven SHC systems should be exhausted as
much as possible. For example, northern European countries show a high potential for the use
of biomass driven district heat.

0 In general, there should be a higher focus on combining the cooling and heating purpose as
well (Space Heating, DHW). Systems that can fulfill both, heating and cooling, in an efficient
way that can be more economic.

o0 In case of small scale absorption chillers/heat pumps the focus should be to 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 are ending up with high CostRatios
at moderate solar fraction und thus moderate non-renewable 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 optimization in the individual case to reach technical and economic
feasible and appropriate facilities.

Solar thermal as well as PV-driven system can be cost competitive or even save costs compared to the
reference system. The right choice depends on the system configuration and the effort in optimization
towards the integration of the solar energy. The sensitivity analysis shows that from a summarized
point of view (trend lines for southern and northern location) both technologies are very close in
technical and economic performance.

6.4.Northern vs southern location

Significant differences are observed when comparing systems and their technical and economic results
separated for northern and southern locations. In northern regions lower cooling demands occur and
the period of cooling is shorter compared to southern regions. However instead there is a larger heating
demand in the norther location; Due to solar irradiation and the coincidence of loads the effort to reach
large solar fraction and non-renewable primary 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 demand. Depending on the design 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 maximum non-renewable primary energy savings for southern
locations reach 1.1 compared to 1.6 (trend wise) and the efforts to reach cost parity are much higher
in northern location accordingly.

Systems dominated by heating demand, as it is typical for northern areas, show promising results using
reversible absorption heat pumps compared to electrical driven heat pumps (especially air/air heat
pumps). Nevertheless, it need to be considered that an appropriate low temperature heat source needs
to be provided e.g. the solar collector can operate as low temperature heat source.

In warmer climates, high energy savings can be achieved by using PV-electricity to cover part of the
domestic electricity consumption.



6.5.Peak vs base load

e The overall trend is showing that if high non-renewable primary energy savings should be achieved
the CostRatio is increasing accordingly. In 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.

e Nevertheless, some autonomous systems included in this study show promising results e.g. plant #15
and #16 achieve low cost ratios with its design for almost solar autonomous operation. Although 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 lowest CostRatio was achieved with plants, designed for a medium
range of non-renewable primary energy savings of 40-80%. The lowest CostRatio was reached at a
level of roughly 0.8 under standard conditions.

6.6.Sensitivity analysis

e The sensitivity analysis illustrates 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 predefined reference
system. To simplify the analysis the sensitivity is expressed for the trend lines describing the coherence
of economics (CR) and environmental impact (fsav.NRE) for all systems. Further the sensitivity of
trend lines separated for northern and southern location as well as separated for ST and PV supported
systems are discussed.

e 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 reached by systems designed for less
than 30% non-renewable 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. ROCOCO (PreiRler, 2008) the 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 non-renewable primary energy savings.

o Furthermore, a 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 be
5 €ct/kWh, future changes in the prices depend a lot on political, economic 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% to 7.5 €ct/kWh the parity can be achieved by systems with up to 60% savings
instead of 30 %.

o In addition, the electricity price, auxiliary demand, the energy production and the conversion factor
for electricity was varied. However, all these changes did not show 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 specific SHC
plant under local boundaries needs to be designed and optimized.

e 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 / process into the assessment, a detached HVAC
consideration is only half of the truth!



o For the assessment the reference system is predefined as T53 Standard and consist of an air-cooled
vapour compression chiller for cooling and a natural gas boiler for domestic hot water and space
heating preparation. In some cases, different reference systems are more appropriate. Thus, the general
relative nature of the assessment can be used easily to study the effect of changing reference systems.
The change of economy or efficiency 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 PV, can be integrated to support a HVAC system
accordingly and both systems can be competitive against reference systems when they are well designed and
boundary conditions are favorable. This study presents a technical and economic assessment of 28 plants and
configurations, of which 9 plants were able to reach cost parity or CR even lower than 1 under the present
boundary conditions. If boundaries are changing according to the sensitivity analysis already up to 16 plants
can reach CR lower than one. Under these conditions best cases come up with CR of 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 reference systems are
dominated by the fuel costs. Therefore, SHC systems can be considered as cost efficient if they are integrated
for covering baseload and in combination with conventional system for covering peak demands. Although
from environmental point of view solar autonomous systems should be from highest interest, they come up
with higher costs but also with higher primary energy savings.

Thus, future R&D priority should focus on investment cost reduction (materials, mass production,
simplification, etc.). Minor priority, but only from an economic point of view, is required on efficiency
measures. However, efficiency and respective auxiliary demand reduction can get more significant if the first
priority was successful and investment costs are getting lower.
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