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Executive Summary
The main goal of the MacSheep project was the development of solar and heat pump systems
performing 25 % better in terms of electric energy demand, compared to state of the art
benchmark solar and heat pump systems, while still being competitive in terms of prices for
the end-consumer.
From the four developed concepts of solar and heat pump systems presented in report D8.1
three were built as full systems during spring 2015 and evaluated with the harmonized whole
system test method from work package 2 of the project in order to demonstrate the
achievement of the goals of the project. The evaluated key performance figures were the
annual electricity consumption of the entire system for a given heat demand profile, and the
annual system price that includes installation, maintenance, and electric energy purchase.
Two market available “state of the art” systems were tested in phase 2 of the project in order
to be used as a benchmark for electricity consumption and cost. These did not reach the
expected performance, and thus, “easy to fix” problems of design, installation, and operation
were fixed in the annual simulations of the benchmark systems in order to reach a better
performance that would correspond more to what we would expect from a well-designed state
of the art system that is installed in a fault-free way. Consequently, we are comparing our
achievements for the four developed MacSheep systems with an already “improved” version
of these measured benchmark systems that perform about 20 % better than their truly
measured counterparts.
The final results in this report show that two of the four MacSheep systems are able to meet
or pass the target of 25 % electricity savings for the load and climate for which they were
optimized, and one of the four systems reached close with 24 % and good potential to increase
to 26 % with further simulated improvements made. The fourth system reached 15 % savings,
which is still a very good achievement considering that in this fourth case a first route of
development with an already built prototype had to be abandoned during the project, and less
time was then available for the development of a new system and prototype.
However, the whole system tests also revealed some final problems in the system control and
hydraulic design, such as erroneous control actions, pressure drops way above design values,
and unstable capacity modulation of a heat pump compressor. Although the solution of these
problems was not possible anymore within the timeframe of the MacSheep project, their
solution does not change the design or the cost of these systems. The final system simulations
had to be done assuming the solution of these control and hydraulic problems in order to
achieve meaningful key figures for the systems.
If the calculation of the savings that can be achieved with the MacSheep systems would be
based on a comparison with the “not improved” state of the art benchmark systems as they
were measured in the test bench, the improvements would be considerably higher. For
example, in the case of the air source system for the Zurich SFH45 heat load, a system that is
reported with 25 % savings would save 40 % of electric energy. Since the “well-designed and
fault-free installed” state of the art is most likely not the average of the installed systems in the
field today, easy to install high efficiency MacSheep systems with fault detection and online
diagnosis are likely to bring an average electric savings that is much closer to 40 % than to the
targeted 25 % of the project.
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1 Introduction
Within the MacSheep project, solar thermal and heat pump (SHP) systems that achieve 25 %
energetic savings compared to the current state of the art were developed. These
developments took place in four different development branches that were carried out by the
following groups of partners:
•

Energie Solaire SA & HSR-SPF & IWT TUG

•

Ratiotherm GmbH & Co. KG & SERC

•

VIESSMANN Faulquemont S.A.S., CEA INES

•

Regulus spol. s.r.o., CTU

Within the first and second phase of the project in the year 2012, breakthroughs for materials,
components and control that lead to higher energetic performance and/or lower cost of the
system were analyzed and selected (see Figure 1). The selection was based on an analysis
of the cost-effectiveness of the new developments. For this purpose, the effect of potential
breakthroughs on the energetic performance was determined by annual simulations. The cost
difference compared to a system without this breakthrough was estimated based on the
experience of the industrial partners on one hand, and on best guess for new products or
methods for production on the other hand.

phase 1

phase 2

phase 3

identification
of breakthroughs

analysis
of costeffectiveness

Development
of selected
components /
control

2012

2013 - 2014

phase 4
Demonstration
in built systems

2015

Figure 1: Phases and time-line of the MacSheep project.

Details of developments on component level until the end of phase 3 of the project are given
in reports D3.4 (collectors), D4.4 (heat pumps), D5.4 (storage), and D6.4 (control). Report D7.3
gives information about the whole system and energy savings compared to a reference system
whose performance was estimated based on component testing and system simulation at the
end of phase 3. Within the MacSheep project the energetic and economic performance was
evaluated against eight (2x2x2) different reference systems that originate from the two heat
sources air (A) and ground (G), two climates Zürich (Z) and Carcassonne (C), and two different
building standards well insulated (SFH 45) and medium to low insulated (SFH100).
During the final phase 4 of the project, the developed components were combined into three
different systems that were tested by whole system test methods. This report D8.3 presents
the results from the final systems and compares the achievements with the goals set at the
beginning of the project. The methodology for the determination of the energetic savings and
cost effectiveness is illustrated in Figure 2:
•

the built prototypes (solar + heat pump systems) are tested with the harmonized whole
system test method presented in report D2.3. The boundary conditions for this test
correspond to the climate of Zurich and an SFH45 building with a low temperature heat
distribution system.
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•

Parameters of the system simulation models were fitted in order to reproduce the
performance measured in the 6-day test. The annual performance for different boundary
conditions that may include other climates and heat loads are derived based on system
simulations with the fitted models.

•

This extrapolated performance of each prototype is compared to the extrapolated
performance of the state of the art systems that were tested in phase 2 of the project with
comparable boundary conditions. The cost difference between the new developed systems
and the state of the art systems is determined in order to show the cost effectiveness of
the new developments.

ESSA/IWT/SPF

RATIOTHERM/SERC

REGULUS/CTU

VIESSMANN/INES

System prototype

System prototype

System prototype

System prototype

State of the Art
Air source System

State of the Art
Ground source
System

System

System

System

Component

System

System

Test results

Test results

Test results

Test results

Test results

Test results

Annual system

Annual system

Annual system

Annual system

Annual system

Annual system

AZ45 extrapolated

AZ100 extrapolated

GZ45 extrapolated

AC45 extrapolated

Performance

performance

Performance

Performance

Cost figures

Cost figures

Cost figures

Cost figures

extrapolated

extrapolated

performances

performances

AZ45

AZ100

GZ45

GZ100

AC45

AC100

GC45

GC100

Figure 2 Schematic view of the procedure for the determination of performance and cost for the four different
system developments and their state of the art benchmark systems.

The following section 2 of the report deals with the methodology of the work in MacSheep. It
explains the definition of the used performance figures for energetic efficiency and cost.
Furthermore, it outlines the used methodologies for the determination of the performance of
the State of the Art (SoA) system and of the developed system prototypes. Section 3 shows
the achieved results for each of the four developed systems with individual conclusions, and
the last section presents the main conclusions for the MacSheep project.
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2 Methodology
2.1

Performance figures

For the evaluation of the performance of the tested prototypes during phase 4, we referred to
the same general assumptions used previously in the MacSheep project, as detailed in Annex
A and B of the MacSheep public report D7.3. Performance figures are based on system
boundaries that comprises the whole heating system, e.g. including solar collector, heat pump,
storage, controllers, valves, pumps and noticeably space heating distribution pump. In
agreement with the IEA SHC Task 44 / HPP Annex 38 (Hadorn 2015), the reference to these
system boundaries is denoted in further equations and tables with the 𝑆𝑆𝑆𝑆𝑆𝑆+ subscript.
The main energetic performance figures at system level are integrated over one year for annual
simulations or over the test duration for the whole system test sequence:
•
•
•
•

total electricity consumption of the system 𝑊𝑊𝑒𝑒𝑒𝑒 , including space heating distribution pump,

total heat transfer to the space heating and domestic hot water production (𝑄𝑄𝑆𝑆𝑆𝑆 + 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷 ),

penalty function to account as extra electricity consumption in case of insufficient heat
transfer that leads to discomfort of the user 𝑊𝑊𝑒𝑒𝑒𝑒,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 and 𝑊𝑊𝑒𝑒𝑒𝑒,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 ,

Seasonal Performance Factor 𝑆𝑆𝑆𝑆𝑆𝑆SHP+,pen, as:
𝑆𝑆𝑆𝑆𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆+,𝑝𝑝𝑝𝑝𝑝𝑝 =

2.2

𝑄𝑄𝑆𝑆𝑆𝑆 + 𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷
𝑊𝑊𝑒𝑒𝑒𝑒,𝑆𝑆𝑆𝑆𝑆𝑆+ + 𝑊𝑊𝑒𝑒𝑒𝑒,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑊𝑊𝑒𝑒𝑒𝑒,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

Determination of energetic performance

The energetic performance of the prototypes was determined by “whole system testing”
(WST). This approach for the evaluation of the energetic performance of complete heating
systems is presented in detail in report D2.3 as well as in Haller et al. (2013). The institutes
SERC and SP from Sweden, INES from France and SPF from Switzerland developed and
applied similar test methods already before the MacSheep project started. The different WST
methods followed the same principle:
•

A complete heating system is installed on the test rig;

•

The test rig software and hardware simulates and emulates the heat load for space heating
and domestic hot water of a single-family house;

•

The unit under test has to act autonomously to cover the heat demand during a
representative test cycle.

Although the test methods followed the same principle, they differed in many details. Therefore,
it was necessary to define minimum requirements for whole system testing to ensure identical
results of system tests at different institutes. Those requirements were defined in phase 1 of
the project and include the physical boundaries of the tested systems and the boundary
conditions for climate and the heat load of the building. Within phase 2 of the project, two State
of the Art (SoA) systems were tested at different institutes, before the harmonization of the test
methods was achieved. Therefore, the comparison of the final results with these tested state
of the art systems still relies on simulation models that are calibrated with the test results and
then used for simulations of annual results with identical boundary conditions.
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2.3

Determination of energetic performance of two state of the art systems

One test was performed with a ground source SHP system at CEA INES, and one test was
performed with an air source SHP system at HSR SPF. Subsequent to the whole system tests
of the systems installed in the laboratory, the annual results were determined by means of
simulations. There are three reasons for this approach:
1. The above mentioned differences in the test methods
2. Needed extrapolation to different boundary conditions
3. An unexpected low seasonal performance factor of the tested benchmark systems,
especially in case of the air source SHP system. Since the system test laid bare the
cause of the poor performance, it was possible to change the simulation model so that
it shows a well-functioning system that represents what one would expect from the
state of the art at the beginning of the project.
For the ground source heat pump (GSHP) system, the following problems that were found
during testing of the SoA system were “removed” from the model so that the results would
represent a good and well-functioning state of the art system:
•

The 3-pipe connection between heat pump and storage that lead to a large amount of
operation in DHW charge mode with corresponding high condenser temperatures and low
COP was replaced by a 4-pipe connection.

•

Excessive mixing in the store at the start of the heat pump in space heating mode led to a
change to DHW charge mode, and thus operation at higher temperatures. This mixing was
not modelled, and thus the SoA, and thus the performance of the simulated SoA system
was improved.

For the air source heat pump (ASHP) system the following problems that were found during
testing of the SoA system were “removed” from the state of the art system model so that the
results would represent a good and well-functioning state of the art system:
•

70 % more heat supplied to the store in DHW charge mode than required for the DHW
discharges (despite a lot of solar heat during the summer). The cause for this
“unnecessary” DHW charge mode operation was found and removed in the model.

•

High heat losses from DHW components outside of the store, originating from natural
convection in standby. These losses were not modelled.

•

No preheating of DHW in the bottom part of the store due to the design of the store. The
store from the GSHP system, which was shown to work better, was used instead of the
store from the tested ASHP system.

The results of the annual simulations of the SoA benchmark systems are shown in Table 1
and Table 2.
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Table 1: Key performance figures for the air source SoA benchmark systems.
AZ45

AZ100

AC45

AC100

SPFSHP+,pen [-]

3.127

2.433

3.858

2.961

W el,SHP+,pen [MWh]

3.615

8.326

1.649

4.007

AZ45 = air source Zurich SFH45, AZ100 = air source Zurich SFH100, AC45 = air source Carcassonne
SFH 45, AC100 = air source Carcassonne SFH45.

Table 2: Key performance figures for the ground source SoA benchmark systems.
GZ45

GZ100

GC45

GC100

SPFSHP+,pen [-]

3.792

3.149

5.385

4.251

W el,SHP+,pen [MWh]

2.912

6.340

1.120

2.688

GZ45 = ground source Zurich SFH45, GZ100 = ground source Zurich SFH100, GC45 = ground source
Carcassonne SFH 45, GC100 = ground source Carcassonne SFH45.

2.4

Determination of the energetic performance for the MacSheep prototypes

As illustrated in Figure 2, the three test results under the boundary conditions of the
harmonized test (see also public report D2.3) have to be extrapolated to the three specific
boundary conditions targeted by the three manufacturers respectively. This can’t be achieved
by direct extrapolation (i.e. electricity consumption and heat loads of the test multiplied by 365
and divided by the number of days of the duration of the test), since this approach is only valid
for the same climate and heat load that was used in the test, i.e. for the Zurich climate and the
SFH45. Therefore, fitting of simulation models and simulation of annual performance was
carried out.
Component models of the system have been calibrated against experimental measurements
in previous MacSheep phase 3. The whole system model is verified and key parameters for
system interaction are fitted again based on the whole system tests carried out in phase 4.
Once the system simulation model is calibrated with the system test results, it is then used for
annual simulation to determine the energetic performance, i.e. 𝑊𝑊𝑒𝑒𝑒𝑒,𝑆𝑆𝑆𝑆𝑆𝑆+,𝑝𝑝𝑝𝑝𝑝𝑝 and 𝑆𝑆𝑆𝑆𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆+,𝑝𝑝𝑝𝑝𝑝𝑝 ,
figures for the targeted boundary conditions.

2.5

Cost calculations

Two values are given for cost-effectiveness: cost difference divided by electrical savings
Δcost/ΔW el [cent/ kWhel] and end consumer cost difference per year of operation Δcost/year
[€/a]. All costs are excl. VAT, but include all installation work costs and are thus for turnkey
systems.
Δcost/ΔWel is calculated as the annuity cost (AN) for the breakthrough (Δcost) divided by ΔW el,
which is the difference in electricity consumption of the analyzed system compared to that of
the State of the Art benchmark system. The calculation of annuity uses an interest rate (I) of
3 % for the investment and a 1 % maintenance cost per year (M) based on the given lifetime
(L) of the system (defined as 20 years).
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𝐴𝐴𝐴𝐴 = ∆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × �𝑀𝑀 +

𝐼𝐼
�
1 − (1 + 𝐼𝐼)−𝐿𝐿

∆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/∆𝑊𝑊𝑒𝑒𝑒𝑒 =

𝐴𝐴𝐴𝐴
∆𝑊𝑊𝑒𝑒𝑒𝑒

Δcost/year is calculated from the difference in annuity cost and the value of the energy savings
based on the average cost of saved electricity (Cel,avg) for the lifetime of the system (N, 20
years) based on a starting cost of 16 €-cent/kWh1 and an annual increase (i) of 5 % 2.

𝐶𝐶𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎𝑎𝑎 = 16 × �

(1 + 𝑖𝑖)𝑁𝑁−1
�
𝑁𝑁 × 𝑙𝑙𝑙𝑙(1 + 𝑖𝑖)

∆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝐴𝐴𝐴𝐴 + 𝐶𝐶𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎𝑎𝑎 × ∆𝑊𝑊𝑒𝑒𝑒𝑒

1 The 16 €-cent/kWh corresponds to the average EU27 end-consumer price excluding VAT according
to Eurostat (2013) for 2012S1, 2 500 kWh < Consumption < 5 000 kWh.
2 The average cost increase per year from 2008 to 2012 was 4% for the EU27
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3 Results
3.1
3.1.1

ESSA – IWT – SPF prototype
General concept

Figure 3 shows the overview design concept of the system. The main component, the heat
pump, uses only unglazed selective collectors as a source in this system, optional it is possible
to use an ice storage in addition. The unglazed collectors can also charge the thermal storage
directly. The heat pump charges only the domestic hot water (DHW) section of the thermal
storage . The space heating system (SH) is mainly supplied directly by the heat pump without
using the buffer storage. However, if the storage is charged by solar to a useful temperature
level, SH is supplied directly from the storage in first priority. A backup electric heater is
installed in the heat pump loop after the condenser outlet, but is rarely used. A more detailed
hydraulic scheme of the system is shown in Figure 4.

Figure 3: Square view diagram of the concept developed by ESSA, IWT and SPF.
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Figure 4: Simplified scheme of the optimized system developed by ESSA, IWT and SPF.

Table 3 shows the main developments of this system and the difference to the benchmark
system. More details on the new or further developed components can be found in the
deliverables D3.4, D4.4, D5.4, D6.4 and D7.3.
Table 3: New or further developed key components of the system in comparison with the benchmark.

New System

Benchmark System

Low cost unglazed selective collectors (heat
source for the heat pump)

Glazed standard collectors

Variable speed heat pump with vapour
injection (economizer) and desuperheater

Air source variable speed heat pump

Vacuum insulated buffer storage (optimized
stratification for heat pump use), only external
heat exchangers

Standard combi-storage with internal heat
exchangers and state of the art insulation

Compact hydraulic solution (all system
components are compactly mounted to one
unit under the insulation)

Standard hydraulic concept (state of the art)
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3.1.2

Demonstrated and extrapolated energetic performance

The system of ESSA/IWT/SPF was tested at the SPF laboratory from August to October 2015
(see Figure 5). The compact brine source heat pump with all components and hydraulics
connected directly to the combi-storage was installed in the test bench. The VIP insulation box
was mounted around all the components of the heating system as shown in Figure 5 (right).
The unglazed selective collectors from ESSA were simulated and emulated by the test bench.

Figure 5: Installed system for testing at SPF before insulation was mounted (left) and after mounting the
insulation (right).

Figure 6 shows the measured results of the ESSA/IWT/SPF system for the boundary
conditions of Zurich climate and SFH45 building. The system had a measured electricity use
in the 6-day test (W el,SHP+) of 53.0 kWh, which corresponds to a direct extrapolated annual
result of 3.225 MWh. The SPFsys based on the test is 3.55 3.
The total electricity use (W el,tot), delivered space heating energy (QSH) and delivered DHW
energy (QDHW) are shown in Table 4 for the 6-day test period, both for the test results and for
the calibrated simulation model. The comparison shows for all values an agreement within
±1 % between simulation and measurement.

3

Since the development of the controller hardware was not part of this system development, the
controller in the test bench was realized with laboratory equipment from National Instruments instead
of industrial controllers. The electric consumption of 32 W for the laboratory controller was included in
the measured electricity demand. This value has been replaced with 5 W for an industrial high
efficiency control unit, both for the 6-day results and for the annual simulations.
MacSheep – Deliverable 8.3

9/37

Table 4: Comparison of key figures of the 6-day sequence measured and simulated with the calibrated
model.

Wel,tot

QSH

QDHW

[kWh]

[kWh]

[kWh]

Measurement

53.0

133.6

54.3

Calibrated simulation

52.8

132.7

54.2

-0.4 %

-0.7 %

-0.2 %

Difference

Tested System:
6d measurements
80
Inputs / Sources

60

electricity
Wel

Energy [kWh]

40

solar
collector to storage
QC_parallel

20
QC_serial
solar
collector to heat pump
0
DHW
QDHW

-20
QSH heat
space
-40

storage
QSSto change

-60

Outputs / Sinks

-80
1

2

3

4

5

6

Day
Figure 6: Results of the 6-day test of the ESSA/IWT/SPF system for boundary conditions of Zurich SFH45.

For several reasons, the energetic savings based on measured system performance were
lower than expected, yielding only 16 % savings instead of the anticipated 26 %:
1. The return temperatures from the DHW module were higher than anticipated and
simulated before. It was not possible anymore to implement better control or improve
the heat exchanger within the timeframe of the project. Based on comparison of
simulations, the higher return temperatures from the DHW module lead to a reduction
of 3 % of the anticipated 26 % savings. This problem of high return temperatures from
the DHW unit to the bottom of the storage can be overcome with an improved DHW
module or with an internal spiral heat exchanger instead of the external DHW unit.
2. The electric power consumption of pumps was much higher than expected. The reason
for this is most likely additional pressure loss in the system beyond the theoretical
values. Thus, the electricity consumption of the pump for the heat pump source was
173 % higher than expected, and lead to a loss in savings of 4.2 %. An additional 1.7 %
of the expected savings were lost due to excessive pressure losses on the sink side
(condenser) of the heat pump.
3. A control error occurred during the 6-day test, which has activated the electric backup
heater a few times for a short period. Based on the temperatures in the system there
MacSheep – Deliverable 8.3
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was no need for this backup heating. This error was responsible for 1.5 % of the total
electricity use of the 6-day measurement. Fixing this problem will reduce the electric
energy demand by an additional 1 %, if the corresponding heat input into the system is
replaced by heat from the heat pump with a COP of 3.

The calibrated model was used for annual simulation of the system for SFH45 in Zurich climate.
With the problems mentioned above of high return temperatures of the DHW unit, the pump
electricity consumption, and the electric heater sometimes activated without reason, the
electric energy savings compared to the state of the art benchmark system are 16.1 %. Fixing
the problems with excessive pressure drops on the source and sink side of the heat pump as
well as the control of the electric heater element was not possible anymore in the timeframe of
this project, but is a quite simple and certain process. Thus, the system that was developed is
capable of achieving savings of 24 %. If the problems with the DHW unit are solved, even more
than 25 % can be reached.
The value of 24 % is taken as our final result that can be achieved with this system without
further developments, which leads to an annual electricity demand of 2.685 MWh and a SPFsys
of 4.22. Figure 7 shows the energy balance of the system. About 74 % of solar gain (7.8 MWh)
is used as heat pump source and 26 % (2.87 MWh) is used for direct heating into the storage.

Energy [MWh]

System (thermal active parts only)
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El. Aux. Heater

14

Heat Pump Evaporator

12

Solar Collector to HP
Solar Collector to TES
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El. Compressor
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6

Pipe & HX losses

4

Hp Losses
DHW

2

Space Heat

0
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Figure 7: Annual results of the ESSA/IWT/SPF system with calibrated simulation model for Zurich SFH45.

3.1.3

Cost effectiveness

Table 5 shows the difference in components and their sizing compared to the benchmark
system. This table shows the difference only for the main building (SFH45) for which the
system was optimized. A different climate or building load can have an influence on the system
design and therefore also on the costs.
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Table 5: Changes which influence the cost of the new system compared with the target benchmark system.

Cost
Change

Size / Amount

High efficiency insulation with vacuum insulation panels

+

-

Optimized combi-storage for heat pump use (diffusors on every inlet)
without internal heat exchangers

-

-

Reduced pipe lengths between heat pump / storage (due the fact that
all components are under the insulation)

-

-5 m

Compact hydraulic design, with all components mounted under the
insulation (increasing costs for mounting system)

+

-

Uncovered selective collectors

=

+ 16m2

Desuperheater cycle

+

+1

Economizer cycle

+

+1

New scroll compressor

+

-

External solar heat exchanger

+

+1

DHW external module

+

+1

Air heat exchanger (split unit)

-

-1

Component / Measure

Total system cost difference of the new development compared
to the benchmark

Change

+ 2205 €

“+” stands for added cost, “-“ for reduced cost, and “=” for cost neutral.

Table 6: Cost effectiveness and performance difference of the ESSA–IWT-SPF system compared to the SoA
benchmark.

Type of Benchmark
System

ΔW el
[kWhel]

ΔSPF
[-]

ΔW el
[%]

Δcost
[€]

lifetime
[a]

Δcost/ΔWela)
[cent/kWhel]

Δcost/yearb)
[€/a]

ASZ45

-845

1.03

-23.9

2205

20

261

-59

a) annuity cost of kWh saved with 3 % interest on invest + 1 % maintenance cost.
b) cost difference per year including annuity cost of investment and maintenance as in a) and the average cost for
electricity over the lifetime with 0.16 €/kWh at present and 5 % cost-increase per year.

3.1.4

Conclusion

The system developed by ESSA/IWT/SPF was optimised for buildings with low supply
temperatures in the space heating system and moderate energy demands (SFH45). It includes
an economiser cycle, a desuperheater and a variable speed compressor for the heat pump.
The whole system was designed in a very compact way, with all hydraulic components directly
attached to the storage. The insulation was built from vacuum insulation panels to reduce the
heat losses and to reduce the base area. It was designed to include not only the storage, but
also the complete hydraulics and all heating system components. The heat pump uses
unglazed selective collectors as the only heat source. However, the collectors can also deliver
heat directly into the lower part of the storage.
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The measured prototype still had some problems in electric heater control, hidden pressure
drops, and return temperatures of the DHW unit. Leaving these problems unfixed yields 16.1
% electricity savings compared to the state of the art system. Fixing the first two of these
problems is not difficult and leads to 24 % savings, if the DHW unit can be improved, even
25.5 % savings can be achieved.
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3.2
3.2.1

Ratiotherm – SERC prototype
General concept

The Ratiotherm system described here has been designed specifically for higher heat loads
(SFH100) with a relatively high operating temperature for the radiator distribution system. The
system developed within the project is a standard parallel system using an air source heat
pump as shown in Figure 3. In order to provide the higher space heating temperatures with
good COP, a heat pump with variable speed compressor and economizer is used together
with a well stratified tank and external heat exchangers for solar and DHW preparation. In order
to reduce heat losses, all components are mounted close to the store, and all connections to
the store are at the bottom of the store. In addition, vacuum insulation panels (VIP) are used
for the side and top insulation of the store to further reduce losses. A more detailed hydraulic
schema of the system is shown in Figure 9.

Figure 8: Square view diagram of the concept developed by Ratiotherm – SERC.
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Figure 9: Simplified scheme of the optimized system developed by Ratiotherm – SERC. Temperature sensors for
the controlling of whole system are also included and are marked with an S.

Table 3 shows the main developments of this system and the difference to the benchmark
system. More details on the new or further developed components can be found in the
deliverables D3.4, D4.4, D5.4, D6.4 and D7.3.
Table 7: New or further developed key components of the system in comparison with the benchmark.

New System

Benchmark System

Variable speed heat pump with vapour
injection (economizer)

Air source variable speed heat pump

Vacuum insulated buffer storage with external
heat exchangers

Standard combi-storage with internal heat
exchangers and state of the art insulation

All connections to the store are at the bottom
to reduce thermal bridges

Connections to ports and heat exchangers through
the insulation shell (state of the art)

Stratification unit in the store for optimised
stratification

Standard state of the art store without stratification
unit
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3.2.2

Demonstrated and extrapolated energetic performance

thermal
storage

climatic chamber

collector emulator

Figure 10 Installed system testing at CEA INES: solar collector emulated by hydraulic module,, climatic chamber
enclosing system’s outdoor air unit, refrigerant connection pipes to the indoor HP unit, system’s
hydraulic and thermal storage.

Figure 11 shows the measured results for the Ratiotherm-SERC system for the boundary
conditions of Zurich climate and SFH45 building. The system had a measured electricity use
in the 6-day test (W el,SHP+) of 66.8 kWh, corresponding to a direct extrapolated annual value of
4.64 MWh. The performance factor PFsys is 2.93 both for the 6-day test sequence and for the
direct extrapolation to annual results.

electricity
solar collector to storage
heat source of heat pump
DHW
space heat

Figure 11: Results of the 6-day test of Ratiotherm system for boundary conditions of Zurich SFH45.

The system had two incorrect settings during the 6-day test: control-value inverted for the
supply line to the three-way switching valve for charging the DHW part of the store; set
temperature for DHW supply. These could be simply fixed and a new test would have been
performed with correct settings. However, the major problem was that the compressor had an
unpredictable operation, with rapidly varying speed despite the fact it received a correct (and
stable) control signal. Despite large efforts from CEA INES, Ratiotherm, SERC and the
compressor supplier, the fault could not be fixed in time for another test sequence to be run
before the lab was to be used in another project. This malfunction of the compressor, together
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with the two wrong settings in the system meant that the system performed very poorly in the
6-day test.
This meant that the system model could not be validated properly. Instead the following
procedure was used:
•

Derivation of time constants for the heat pump model based on measured data.

•

Validation of heat pump model against measured data based on a control signal
derived from the measured compressor power.
o

•

Note that the compressor power is not linearly related with the compressor
speed (the control signal of the model).

Calibration of the rest of the system model against the measurements.
o

Note that the wrong settings of the system during the test were implemented in
the model in order to be able to calibrate it.

•

Correction of the system model to the correct settings (three-way valve, DHW set
temperature in DHW unit).

•

Simulation on an annual basis.

A simulation of the 6-day sequence with the calibrated model was not performed as it was not
possible to model the incorrect functioning of the heat pump compressor. Instead, the
calibrated system model (with correct settings) was simulated only for the full range of climates
and buildings to get annuals simulation results.
Table 8 shows the results of the validation of the model of the Ratiotherm heat pump using a
control signal derived from the measured compressor power, with the percentage error in total
energies over the 6-day sequence for the electricity consumption (W el,HP) of the heat pump,
condenser heat output (Qcond,HP) and the heat pump SPF (SPFHP). All values are within 2 % of
the measured performance.
Table 8: Results for validation of model of Ratiotherm heat pump for the 6-days of the test. Control signal
derived from measured compressor power.

Wel,HP

Qcond,HP

SPFHP

[kWh]

[kWh]

[-]

Measurement

54.6

164.6

3.01

Calibrated simulation

54.7

163.0

2.98

0.2 %

-1.0 %

-1.2 %

Difference

Table 9 shows the results of the system validation without modelling the faulty heat pump
control, but with the measured condenser heat input to the model. The collector and its control
as well as DHW heat exchanger and its control were modelled. The results show that the
difference between measured and simulated results for the seven days of measured data are
within 2 % of one another, as they were for the individual model for the heat pump.
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Table 9: Results for validation of model of Ratiotherm system without heat pump for the 6-days of the
test. Measured heat pump heating rate supplied to the system model.

WSH

QDHW

Qcoll

[kWh]

[kWh]

[kWh]

Measurement

147.4

48.1

47.7

Calibrated simulation

147.6

47.1

47.0

Difference

0.1 %

-2.1 %

-1.3 %

Figure 12 shows the annuals system balance for the Ratiotherm system for the Zurich climate
and SFH100 building. The store (TES) losses are very small, while the space heat dominates
as the load compared to the DHW load. The Ratiotherm system uses a slightly higher
percentage of electricity for the evaporator fan (12 %) compared to the SoA benchmark system
(8 %) for this climate and load. These results are slightly worse than those simulated at the
end of phase 3 of the project, with 15 % instead of 20 % electrical savings for the target load
of SFH100 in Zurich.
System (thermal active parts only)

Energy [MWh]
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El. Aux Heater
Heat Pump Evaporator
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El. Compressor
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Figure 12 Annual extrapolated results of Ratiotherm’s system calibrated simulation model, Zurich SFH100.

3.2.3

Cost effectiveness

Table 10 shows the difference in component and sizing of components compared to the
benchmark. This table shows the difference only for the main target climate and building
(SFH100 in Zurich) for which the system was optimized. Other climate or building load can
have an influence on the system size and so also the costs.
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Table 10: Changes which influence the cost of the new system compared with the target benchmark system.

Cost
Change

Size / Amount

High efficiency insulation with vacuum insulation panels

+

-

Optimized combi-storage with stratification unit

+

-

Reduced pipe lengths between heat pump / storage (due to direct
cpnnection next to the store)

-

-4 m

Economizer cycle with specialized compressor

+

-

External solar heat exchanger

+

+1

DHW external module

+

+1

Component / Measure

Total system cost difference of the new development compared
to the benchmark

Change

+3810 €

“+” stands for added cost, “-“ for reduced cost, and “=” for cost neutral.

Table 11 shows the cost effectiveness for the Ratiotherm – SERC system for the SFH100
building for which it was designed. The relative electricity savings compared to the SoA
benchmark system are 1233 and 440 kWh/year in Zurich and Carcassonne respectively
resulting in relative savings of 14.8 % and 11.0 %. For the estimated extra cost for the system,
the average cost savings per year for Zurich are about 82 € over the 20 year lifetime of the
system, while in Carcassonne annual costs are higher than for the SoA benchmark system
due to the lower electricity savings. For SFH45 with low temperature distribution temperatures,
the performance of the system is similar to that of the SoA benchmark system and thus
achieved no cost savings.
Table 11: Cost effectiveness and performance difference of the Ratiotherm-SERC system compared to the
benchmark for the target building and climates of Zurich and Carcassonne.

Type of Benchmark
System

ΔW el
[kWhel]

ΔSPF
[-]

ΔW el
[%]

Δcost
[€]

lifetime
[a]

Δcost/ΔWela)
[cent/kWhel]

Δcost/yearb)
[€/a]

ASZ100

-1233

0.41

-14.8

3810

20

23.9

-82

ASC100

-440

0.36

-11.0

3810

20

66.8

160

a) annuity cost of kWh saved with 3 % interest on invest + 1 % maintenance cost.
b) cost difference per year including annuity cost of investment and maintenance as in a) and the average cost for
electricity over the lifetime with 0.16 €/kWh at present and 5 % cost-increase per year.

3.2.4

Conclusion

The system developed by Ratiotherm-SERC was optimised for the buildings with relatively
high supply temperatures in the space heating system and relatively high energy demands. It
included an economiser cycle and variable speed compressor for the heat pump and a store
with very low heat losses due to vacuum insulation panels, no pipes going through the
insulation as well as heat traps and short pipe runs. Unfortunately the prototype system had a
major problem with the compressor speed control during testing with the harmonised 6-day
test method at CEA INES, which could not be fixed before the test rig had to be used in other
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projects. The problem has shown to not be caused by faulty signals from the master controller,
rather an internal problem that was assumed to be caused by electromagnetic noise. In
addition there was a 3-way switching valve that was wrongly coupled. Together, these resulted
in a system performance that was worse than the SoA benchmark system for the 6-day test.
However, the test results could be used to calibrate the system model in a two stage process,
with differences between measured and simulated results for the various parts of the system
of less than 2 %. This system was then simulated for the full year showing a 15 % decrease in
electricity use compared to the SoA benchmark system for target load and climate (SFH100 in
Zurich). For these boundary conditions the system had cost savings of 82 €/year. For
Carcassonne and the SFH45 building no cost savings were achieved.
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3.3
3.3.1

Regulus – CTU prototype
General concept

Figure 13 shows the overview design concept of the system. The system consists of a ground
source heat pump, a combined storage tank, and glazed photovoltaic-thermal (PVT) solar
collectors. The ground source heat pump includes a condenser that is mainly used for space
heating purpose, charging the middle part of storage tank, and a desuperheater for domestic
hot water, charging the upper part of the storage tank. The storage tank has been optimized
for efficient use of a heat pump for DHW preparation. It includes a division plate between the
DHW zone and the space heating zone, diffusors at the inlets, and a large surface of the DHW
heat exchanger that allows for a small temperature difference from the buffer water to the
domestic hot water. Glazed PVT collectors generate the heat for charging the lower part of the
storage tank and the electricity used for covering the electricity demand of the solar and heat
pump system. Surplus electricity is used for an electric heater that is installed in the storage.
The heat pump is decoupled from the space heating system by the storage tank. A more
detailed hydraulic scheme of the system is shown in Figure 14.

Figure 13: Square view diagram of the concept developed by Regulus and CTU.
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Figure 14: Simplified scheme of the optimized system developed by Regulus and CTU.

Table 12 shows the main developments of this system and the difference to the benchmark
system. More details on the new or further developed components can be found in the
deliverables D3.4, D4.4, D5.4, D6.4 and D7.3.
Table 12: New or further developed key components of the system in comparison with the benchmark.

New System

Benchmark System

Glazed PVT collectors

Glazed standard collectors

Ground source heat pump with
desuperheater

Ground source heat pump

Combined storage tank with division plate
and optimized heat exchanger surface
distribution

Standard combi-storage with internal heat
exchangers and state of the art insulation

Standard decoupled hydraulic between heat
pump and load by storage tank

Standard hydraulic concept (state of the art)
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3.3.2

Demonstrated and extrapolated energetic performance

The Regulus solar and heat pump system was tested at SERC laboratory during September
and October 2015 (see Figure 15). Ground source heat pump, hydraulic connections, and
combined storage tank were installed in the test bench. The ground source for the evaporator
was emulated. The heat output of the solar PVT collectors was emulated, the electric output
was only simulated (not physically emulated) and post-processed to get the final values for the
system electricity demand. Due to the fact that the PV electricity generation was only
simulated, the system wasn’t tested in full functionality, i.e. with electricity used also for the
electric heating element in the storage.

Figure 15 Installed system testing at SERC: solar PVT collector emulated by hydraulic module, ground borehole
emulated, heat pump with desupeheater, system’s hydraulic and thermal storage.

The results of the test sequence (DHW load, space heating load, solar collector heat input,
and borehole heat, compare Figure 16) were used for the calibration of the system model. The
calibration included correction of: UA value for the solar heat exchanger (to achieve similar
return temperatures for the solar collectors), UA value for the desuperheater (to achieve similar
output temperatures), standby power input for the heat pump, and power input for pumps
(solar, space heating, internal pumps integrated in the heat pump).
Table 13: Comparison of key figures of the 6-day sequence measured and simulated with the calibrated
model.

Wel,tot

QSH

QDHW

[kWh]

[kWh]

[kWh]

Measurement

39.3

131.1

49.8

Calibrated simulation

38.2

131.6

48.3

-2.8 %

-0.4 %

-3.1 %

Difference
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The simulation of the 6-day sequence was performed and results were compared (see Annex
B). Total electricity demand Wel of the tested system for the 6-days test period is 39.3 kWh and
SPF = 4.60. The performance of the calibrated model resulted in very similar figures, electricity
demand Wel = 38.2 kWh and SPF = 4.70.

Tested System:
6d measurements
80
Inputs / Sources

60

electricity
Wel

Energy [kWh]

40

solar
QC collector to storage

20

source
Qevap of heat pump

0
-20

QDHW
DHW

-40

space
QSH heat

-60

Outputs / Sinks

-80
1

2

3

4

5

6

Day
Figure 16: Results of the 6-days test of Regulus system, Zurich SFH45.

The calibrated model was used for annual simulation of the Regulus system for SFH45 in
Zurich climate. The results have shown the annual electricity demand 2.159 MWh and SPF =
5.09. Figure 17 shows the energy balance of the system. About 15 % of the produced PV
electricity (192 kWh) is used to cover power input for the compressor, pumps and control, and
44 % (559 kWh) is used for direct electric heating in the storage (active only from October to
April).

Figure 17 Annual extrapolated results of Regulus system calibrated simulation model, Zurich SFH45.
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3.3.3

Cost effectiveness

Table 14 shows the difference in components and sizing of components compared to the
benchmark. This table shows the difference only for the main building (SFH45) for which the
system was optimized. Other climate or building load can have an influence on the system
design and so on the costs displayed in Table 14 and Table 15.
Table 14: Changes which influence the cost of the new system compared with the target benchmark system.

Cost
Change

Size / Amount

Desuperheater cycle

+

-

Additional three-way valves

+

+2 pieces

Volume of storage tank in DHW zone, due to standard series of
volumes manufactured by Regulus

+

+140 l

Surface of DHW heat exchanger

+

+2 m2

Reduced pipe lengths between heat pump / storage (due the fact that
space heating unit and solar unit are on the shell of storage tank)

-

-5 m

Glazed PVT collectors instead of solar thermal collectors

+

+ 2 m2

Part of the PV system (4 module inverters, cables, power controller,
switch), regarding to the used electricity

+

-

Component / Measure

Total system cost difference of the new development compared
to the benchmark

Change

+2480 €

“+” stands for added cost, “-“ for reduced cost, and “=” for cost neutral.

Table 15: Cost effectiveness and performance difference of the Regulus/CTU system compared to the
benchmark.

Type of Benchmark
System

ΔW el
[kWhel]

ΔSPF
[-]

ΔW el
[%]

Δcost
[€]

lifetime
[a]

Δcost/ΔWela)
[cent/kWhel]

Δcost/yearb)
[€/a]

GSZ45

-753

1.44

-26

2480

20

3.29

-13

a) annuity cost of kWh saved with 3 % interest on invest + 1 % maintenance cost.
b) cost difference per year including annuity cost of investment and maintenance as in a) and the average cost for
electricity over the lifetime with 0.16 €/kWh at present and 5 % cost-increase per year.

3.3.4

Conclusion

The solar and heat pump system developed in close collaboration between Regulus and
Czech Technical University was tested in SERC laboratory with the 6-days test method.
Results from the test were used for system model calibration (worse performance than
originally expected). Annual simulations with the calibrated model for SFH45 in Zurich climate
resulted in SPF = 5.09. Electricity savings achieved were 753 kWh/a compared to the
benchmark ground source system, i.e. 26 % savings. Assuming a realistic increase of the
Regulus system costs of 2480 € compared to the benchmark system, the system was
evaluated as competitive.
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3.4
3.4.1

Viessmann / INES system
General concept

The system developed by Viessmann and CEA INES is illustrated in the Figure 18 and Figure
19. It is based on glazed solar collectors and an air source heat pump that both charge a
storage for DHW and space heat. The development is aiming at both low energy and retrofit
building markets under European climates, but was optimized for low energy buildings
(SFH45).
An external DHW module is used instead of the previous large immersed DHW heat exchanger
of the Viessmann storage. With this measure, the temperature at which heat for DHW needs
to be delivered to the storage can be reduced and thus the COP of the heat pump is better.
Additionally, with the DHW module concept the store volume that has to be heated to provide
the same comfort as with an immersed heat exchanger can be reduced. A storage integrated
immersed coil condenser is used to improve reliability and robustness and reduce the
complexity and number of components. This condenser is used to supply heat to the store for
both DHW preparation and space heating. Due to this solution, destratification losses by direct
inlets with high mass flows, typically encountered when the heat pump is charging the storage
by direct inlets, are avoided. A variable speed compressor is used for the heat pump. Storage
connections were reduced and equipped with heat traps, while the insulation thickness was
increased compared to the previous system.

Figure 18: Square view diagram of the concept developed by Viessmann and CEA INES.
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Figure 19: Simplified scheme of the optimized system developed by Viessmann and CEA INES.

Table 16 shows the main developments of this system and the difference to the benchmark
system. More details on the new or further developed components can be found in the
deliverables D3.4, D4.4, D5.4, D6.4 and D7.3.
Table 16: New or further developed key components of the system in comparison with the benchmark.

New System

Benchmark System

External DHW heat exchanger

Immersed DHW

Integrated condenser in thermal storage

Plate heat exchanger built-in HP unit

Split air source HP

Monobloc air source HP

DHW forecast algorithm
40 % increased insulation

100 mm fleece insulation

Evacuated solar tubes

Flat plate solar collectors

3.4.2

Energetic performance

The performance of the system components was evaluated in tests at CEA INES. The focus
was set on characterization of the mean overall heat exchange coefficient of the integrated
condenser in the thermal storage. It was discussed between all partners and agreed
unanimously not to perform the whole system test on the Viessmann/INES prototype because
only three test benches were available for whole system testing of the four built prototypes.
Therefore, experimental results of the whole system performance test can’t be reported here
for the Viessmann/CEA INES prototype: the energetic as well as cost effectiveness are based
on component testing and system simulations.
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Figure 20: Installed Viesmann’s system prototype on CEA INES test bench: tank enclosing immersed tube
condenser, hydraulics and refrigerant connection pipes to the modified heat pump.

The various tests carried out on the system showed that:
• A first prototype with a condenser tube of 1” diameter performed poorly with an overall
mean heat exchange coefficient of 320 W/(m²K). Figure 21: measurements and calculated
variables results during one of the integrated condenser tests.
•

A verified correlation on test results allowed for the calculation of the performance of a ½”
pipe, resulting in an overall mean heat exchange coefficient of 613 W/(m²K) during
condensation phase and 425 W/(m²K) during desuperheating phase. These values were
used in further whole system simulations.

•

The thermal heat losses of the whole storage with improved insulation was estimated to
2.7 W/K
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Figure 21: measurements and calculated variables results during one of the integrated condenser tests.

3.4.3

Cost effectiveness

Table 17 shows the difference in components and sizing of components compared to the
benchmark. This table shows the difference only for the main building (SFH45) for which the
system was optimized. Other climate or building load can have an influence on the system size
and so also the costs.
Table 17: Changes which influence the cost of the new system compared with the target benchmark system.

Cost
Change

Size / Amount

Increased insulation of the tank

+

+10 cm

Reduced number of components by condenser integration

-

-2

Reduced hydraulic pipe length

-

-5 m

Integrated condenser in tank instead of plate heat exchanger

-

0 (+1-1)

DHW external unit instead of immersed tube heat exchanger

+

0 (+1-1)

Evacuated tube instead of flat plate solar collector

+

+3.7 m²

Component / Measure

Total system cost difference of the new development compared
to the benchmark
“+” stands for added cost, “-“ for reduced cost, and “=” for cost neutral.
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Change

0€

Table 18: Cost effectiveness and performance difference of the Viessmann - CEA INES system compared to the
benchmark (whole system was not tested according to the harmonized test method, the results below
relies on whole system simulation that is not calibrated on whole system performance test).

Type of Benchmark
System

ΔW el
[kWhel]

ΔSPF
[-]

ΔW el
[%]

Δcost
[€]

lifetime
[a]

Δcost/ΔWela)
[cent/kWhel]

ASZ45

-430

0.31

-12

0

20

-1167

ASZ100

-728

0.26

-9

0

20

-198

ASC45

-498

1.34

-30

0

20

-136

ASC100

-832

0.64

-21

0

20

-225

Δcost/yearb)
[€/a]

a) annuity cost of kWh saved with 3 % interest on invest + 1 % maintenance cost.
b) cost difference per year including annuity cost of investment and maintenance as in a) and the average cost for
electricity over the lifetime with 0.16 €/kWh at present and 5 % cost-increase per year.

3.4.4

Conclusion

The solar and heat pump system concept with the heat pump condenser integrated into the
thermal storage was investigated in a prototype. both heat pump condenser model and thermal
storage model were calibrated based on test results. This system concept showed simulated
performance figures lower than those of the benchmark concept, if the same solar collector
type and collector area is used. This is due to the fixed position of the condenser in the tank
that does not allow for heating separately the upper part of the store for DHW preparation
without affecting the lower part. This causes a large volume of water in the middle of the tank
to be heated up to high temperature compared to the temperature level of the space heating
demand. This leads to a lower efficiency of the heat pump. However, the store, hydraulics, and
controller were estimated to be significantly cheaper than the benchmark components and
allow for the use of vacuum tube collectors of up to 14 m² instead of the flat plate collectors of
the benchmark system, for the same total price of the system. This leads to a cost savings in
the range of 116 €/a to 225 €/a of compared to the benchmark solution. Because there were
only three test benches available and only three whole system tests were foreseen and
financed within the MacSheep project, it was agreed by all partners not to test the concept of
the integrated condenser with the whole system test method.
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4 Discussion and Conclusion
The main goal of the MacSheep project was the development of solar and heat pump systems
that would perform 25 % better in terms of electric energy demand, compared to a state of the
art benchmark solar and heat pump systems, while still be competitive in terms of prices for
the end-consumer.
The key performance figures that were evaluated were thus the annual electricity consumption
of the entire system for a given heat demand profile, and the annual system price that includes
installation, maintenance, and electric energy purchase.
In order to be able to calculate electrical savings, reference systems were defined both for a
ground source and for an air source solar and heat pump system. For the simulation work in
phase 2 and phase 3 of the project, theoretical reference systems were used that were based
on simulations, using component data from the manufacturers and from component test
reports only. However, for the evaluation of the final goals of MacSheep in this report, the
reference (benchmark) systems are slightly different. The difference is that the reference
system simulations were now calibrated with the results of whole system testing that were
reported in Deliverable 2.2. In order to distinguish these new refined reference systems from
the older ones, that were introduced before system testing results were available, the new and
final reference systems are called “benchmark” systems.
Therefore, a direct comparison of the expected savings after phase 3 of the project with the
achieved savings reported in this deliverable is not straightforward.
It should be noted that the state of the art benchmark systems that were tested in phase 2 of
the project did not reach the expected performance. Thus, “easy to fix” problems of design,
installation and operation were fixed in the annual simulations of the benchmark systems in
order to reach a better performance that would correspond more to what we would expect from
a well-designed and fault-free installed state of the art system. Consequently, we are
comparing our achievements for the four developed MacSheep systems with an already
“improved” state of the art (see section 2.3 for further details). These improved systems
performed about 20 % better (i.e. 20 % less electric energy use) than their truly installed and
tested counterparts.
The four systems that were developed had different heat load targets for which they were
optimized. Obviously, optimization for a high heat load and high supply temperatures of the
heating system can lead to a quite different solution than optimization for low heat loads or low
temperature heating systems. When there is not much heat to deliver in the first place,
increasing energy efficiency must only be achieved by low cost solutions since the same
percentage of electrical savings is much less in absolute terms of money than for a system
with a high heat load. Such considerations also lead to quite different approaches for the four
developed systems.
The final results in this report show that two of the four systems were able to meet or pass the
target of 25 % electricity savings for the load and climate for which they were optimized, and
one of the four systems reached close with 24 % and good potential to increase to 26 % with
further simulated improvements made. The fourth system reached 15 % savings, which is still
a very good value considering also that in this fourth case a first route of development with an
already built prototype had to be abandoned during the project, and less time was then
available for the development of a new system.
If these savings would be based on a comparison with the “not improved” state of the art
benchmark systems as they were measured in the test bench, the improvements would be
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even higher. For example, for the cases of the ASZ45 and the GSZ45 heat loads, a system
that is reported with 25% savings would save 40 % of electric energy if compared to the “not
improved” benchmark systems, i.e. if compared to a system that is likely to correspond to an
average solar and heat pump installation today.
Table 19: Overview of percent electric savings and annual cost savings for the respective main target heat load
for the four developed MacSheep systems.

system

target heat load

el. energy savings

cost savings per year

Based on whole system testing and annual simulation
ESSA-IWT-SPF

ASZ45

24 %

59 €

Ratiotherm-SERC

ASZ100

15 %

82 €

Regulus-CTU

GSZ45

26 %

13 €

30 %

136 €

Based on component testing and system simulation
Viessmann-INES

ASC45

AS = air source, GS = ground source, Z = Zürich, C = Carcassonne, 45 / 100 = space heat load in kWh/(m2a) if
placed in the climate of Strasbourg.

Two of the developed systems, the one from Regulus-CTU and the one from Viessmann-INES,
have implemented fault detection and smart control algorithms. The benefits of these control
features could not be tested or evaluated with the whole system test method. In reality, these
control features would bring additional electric savings for installed systems during their
operational lifetime. These added savings have not been quantified.
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5 List of abbreviations and symbols
A

Air source

AN

annuity

ASHP

air source heat pump

Aux

auxiliary heating device

C

Carcassonne

cond

condenser

COP

coefficient of performance

DHW

domestic hot water

el

electric

G

Ground source

GSHP

ground source heat pump

HP

heat pump

HPP

Heat Pump Programme

HX

heat exchanger

I

interest rate, %

IEA

International Energy Agency

L

lifetime, years

M

maintenance cost, %

pen

penalties for not meeting comfort requirements

PV

photovoltaic

PVT

photovoltaic thermal collector or absorber

Q

Heat, J

SFH

single family home

SFH100 SFH with 100 kWh/(m2a) heating demand if placed in the climate of Strasbourg
SFH45

SFH with 45 kWh/(m2a) heating demand if placed in the climate of Strasbourg

SH

space heating

SHC

Solar Heating and Cooling

SHP+

Solar and Heat Pump system boundary including distribution pumps

SoA

state of the art system

SPF

seasonal performance factor (or SPF Institut für Solartechnik)

TES

thermal energy storage

UA

overall heat transfer coefficient, W/K

VAT

value added tax

VIP

vacuum insulation panel

W

Work, J

WST

whole system testing

Z

Zürich
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Annex A Daily results of 6-days system tests
This section provides a summary of test daily results in tables for all three tested prototypes.
Following abbreviations are used: Tamb,av = average ambient (outdoor) temperature;
Ihor = global horizontal irradiation; QSSto = change of energy stored in the heat store;
QSH = space heat energy; QDHW = domestic hot water energy; QHP,SH = heat delivered by the
heat pump in space heating mode; QHP,DHW = heat delivered by the heat pump in DHW mode;
QC = Collector field heat input; Wel = electric demand; Nstarts = number of heat pump starts;
PFsys = performance factor of the whole system over one day / 12 days; ‘-‘ = not available.
Table 20: Results of the 6-days measurements performed on the ESSA-IWT-SPF system.

Day

Tamb,av

Ihor

QSSto

QSH

QDHW

QC,parallel

QC,serial

W el

Nstarts

PFsys

-

°C

kWh/m2

kWh

kWh

kWh

kWh

kWh

kWh

-

-

1

3.3

1.7

-1.2

-47.0

-11.0

2.8

42.6

16.8

-

3.45

2

9.2

3.1

-2.4

-17.3

-6.5

6.5

15.9

5.7

-

4.20

3

12.7

6.5

-9.8

-6.1

-9.4

20.5

5.2

1.8

-

8.35

4

14.5

3.2

11.6

0.0

-6.7

0.0

0.0

0.2

-

39.52

5

5.7

2.4

2.7

-6.5

-12.9

0.0

12.9

6.1

-

3.18

6

-3.7

0.4

-1.0

-56.7

-7.9

0.0

45.5

22.4

-

2.88

Tot

7.0

17.4

-0.1

-133.6

-54.3

29.8

122.2

53.0

-

3.55

Table 21: Results of the 6-days measurements performed on the RATIOTHERM system.

Day

Tamb,av

Ihor

QSSto

QSH

QDHW

QHP,SH

QHP,DHW

QC

W el

Nstarts

PFsys

-

°C

kWh/m2

kWh

kWh

kWh

kWh

kWh

kWh

kWh

-

-

1

3.3

1.660

-

-60.1

-8.2

5.6

60.6

4.1

25.4

11.0

2.69

2

9.2

3.132

-

-1.6

-4.0

0.0

4.2

11.9

2.3

0

2.43

3

12.7

6.465

-

0.0

-8.6

0.9

1.8

23.7

2.1

1

4.07

4

14.5

3.224

-

0.0

-7.8

0.0

0.0

3.4

0.6

0

12.21

5

5.7

2.435

-

-28.8

-11.7

2.6

21.0

4.6

9.0

4

4.52

6

-3.7

0.443

-

-57.0

-7.9

3.8

63.7

0.0

27.4

9

2.37

Tot

7.0

17.358

-

-147.4

-48.1

12.9

151.3

47.7

66.8

25

2.93
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Table 22: Results of the 6-days measurements performed on the REGULUS system.(Wel is bought electricity).

Day

Tamb,av

Ihor

QSSto

QSH

QDHW

QHP,SH

QHP,DHW

QC

W el

Nstarts

PFsys

-

°C

kWh/m2

kWh

kWh

kWh

kWh

kWh

kWh

kWh

-

-

2

9.2

3.1

-

-18.25

-6.09

-

-

14.18

5.56

8

4.38

3

12.7

6.5

-

-5.05

-8.84

-

-

24.68

0.95

1

14.61

4

14.5

3.2

-

0.00

-5.89

-

-

3.51

0.16

0

37.02

5

5.7

2.4

-

-7.14

-12.03

-

-

6.27

1.78

1

10.75

6

-3.7

0.4

-

-52.23

-7.40

-

-

0.00

16.57

14

3.60

1

3.3

1.7

-

-48.43

-9.50

-

-

6.45

14.29

14

4.05

Tot

7.0

17.3

-131.1

-49.7

55.1

39.3

38

4.60
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Annex B Comparison of 6-day test results and calibrated
simulation models
This section provides a comparison of the measured 6-day test results and the results of the
6-day simulations with the calibrated models. The following abbreviations are used: W el,SHP+ =
total electricity demand including the distribution of space heat; QSH = space heat energy; QDHW
= domestic hot water energy; Ms = measured value; Sim = simulated value; Dev = deviation
between measured and simulated value. The data are shown for the systems of ESSA-IWTSPF and Regulus-CTU. Due to the different approach for the simulation of the Ratiotherm
system (see chapter 3.2) the comparison between 6-day measurement and 6-day simulation
be can’t be done in the same way as for the other systems.
Table 23: Comparison of 6-day test results and calibrated simulation model for the ESSA-IWT-SPF system.

Day

Wel,SHP+

QSH

QDHW

Ms

Sim

Dev

Ms

Sim

Dev

Ms

Sim

Dev

[kWh]

[kWh]

[%]

[kWh]

[kWh]

[%]

[kWh]

[kWh]

[%]

1

16.8

16.7

0.8 %

-47.0

-47.0

0.0 %

-11.0

-10.9

0.2 %

2

5.7

5.7

-0.3 %

-17.3

-17.1

0.9 %

-6.5

-6.5

0.1 %

3

1.8

1.9

-3.1 %

-6.1

-5.8

4.5 %

-9.4

-9.4

-0.1 %

4

0.2

0.1

25.2 %

0.0

0.0

-

-6.7

-6.6

0.5 %

5

6.1

6.0

1.5 %

-6.5

-6.6

-1.3 %

-12.9

-12.9

-0.1 %

6

22.4

22.4

0.1 %

-56.7

-56.2

1.0 %

-7.9

-7.8

0.7 %

total

53.0

52.8

0.4 %

-133.6

-132.7

0.7 %

-54.3

-54.2

0.2 %

Table 24: Comparison of 6-day test results and calibrated simulation model for the Regulus-CTU system.

Day

Wel,SHP+

QSH

QDHW

Ms

Sim

Dev

Ms

Sim

Dev

Ms

Sim

Dev

[kWh]

[kWh]

[%]

[kWh]

[kWh]

[%]

[kWh]

[kWh]

[%]

1

14.3

14.1

-1.4 %

-48.4

-48.7

0.5 %

-9.5

-8.9

-6.6 %

2

5.6

5.5

-1.4 %

-18.2

-18.2

-0.3 %

-6.1

-5.7

-6.3 %

3

1.0

0.8

-20.3 %

-5.1

-5.1

1.5 %

-8.8

-8.7

-1.8 %

4

0.2

0.2

0.9 %

0.0

0.0

-

-5.9

-5.9

-0.5 %

5

1.8

1.6

-13.1 %

-7.1

-7.3

2.5 %

-12.0

-12.1

0.4 %

6

16.6

16.1

-2.7 %

-52.2

-52.3

0.0 %

-7.4

-7.0

-5.7 %

total

39.3

38.2

-2.8 %

-131.1

-131.6

0.4 %

-49.8

-48.3

-3.1 %
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