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1 Publishable summary report 

1.1 Executive Summary 

CO2 emission levels from our rapidly expanding cities must be drastically reduced to meet the 
European environmental targets. One key aspect of turning cities into ñsmart citiesò is renovating 
and retrofitting buildings with low emission heating systems. Heat pump technology plays a central 
role here, as it can use ambient energy for heating and hot water generation. Due to limited 
availability of space in cities, heat pumps need to be integrated into the existing buildings, and 
must be compatible with pre-existing heating systems. In addition, the installation and running 
costs must be attractive to make the changeover to heat pumps in urban areas both an 
economically and environmentally viable decision. 

The GreenHP project addressed these challenges by developing an advanced 30kW heating 
system with minimum environmental impact using air/water heat pump technology for 
retrofitting multifamily and commercial buildings in densely populated areas and cities and 
the opportunity to integrate the system into future energy systems (e.g. Smart Grids).  

The research undertaken was based on a comprehensive multi-level research approach ranging 
from developing innovative heat pump components such as new heat exchanger, fan and 
compressor prototypes, to advanced system integration concepts. In order to freely distribute the 
results and the GreenHP concept broadly, there was no heat pump manufacturer involved in the 
consortium but experienced research institutions and component manufacturers instead. 

For integrating the GreenHP in the future smart energy systems, a concept for an enhanced three-
layered controller platform based on a Model Predictive Control approach allowing load balancing 
at maximum efficiency of the overall heat pump system at the lowest costs was developed. In all 
investigated cases, the GreenHP controller saved between 4% and 22% of total cash flow when 
compared to the reference controller. The System Controller in charge of the overall heat 
management of the GreenHP system was designed on hardware and system level and developed 
to market maturity.  

On component and unit level, the refrigeration cycle and several components were optimized for 
the use of propane leading to a reduced refrigerant charge for the 30 kW GreenHP prototype unit 
of less than 2 kg; this corresponds to 65 g per kW thermal capacity. The refrigerant charge was 
minimized by using aluminium multi-port extrusion tubes (MPE) in the condenser and evaporator. 
The air-side of the evaporator was optimized by developing both highly efficient fins and an 
advanced fan design, resulting in an energy demand reduction of the fan operation by 10%, at 
icing conditions. On the refrigerant-side, a novel bionic distributor was introduced to distribute the 
refrigerant to the MPE tubes of the evaporator. A variable speed scroll-compressor prototype 
making use of Enhanced Vapour Injection ensured high seasonal efficiency over the entire 
operating range of the GreenHP. To further decrease the refrigerant charge, the oil sump was 
optimized resulting in 1 litre oil, instead of 3.3 litres.  

The GreenHP prototype unit accomplished nearly all performance indicators aimed at when tested 
in compliance with international standards. In particular, it performed very well in terms of its 
seasonal efficiency with an SCOP of 3.3, which is comparable to the best performing heat pump 
units in the smaller capacity range of 10-20kW.  

Summing up, the GreenHP showed very promising results on unit, component and system level to 
build up from in the upcoming research projects. To harvest additional efficiency gains and further 
optimize the performance of the GreenHP unit, more research is required on component and 
system level including extensive field measurements. 
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1.2 Project Context and Objectives  

The overall goal of the GreenHP project was to investigate and develop a new highly efficient 
heating system based on high-capacity air/water heat pumps for retrofitting multifamily houses and 
commercial buildings situated in cities. The reasoning for the projectsô focus is explained in the 
following: 

 

1.2.1 Focus on retrofitting buildings 

With a share of approx. 40% on the final energy consumption, buildings are one of the key 
consumers of energy in Europe. In 2009, EU-28 households were responsible for 68% of the total 
final energy use in buildings mainly consumed for heating (78%). Approx. 40% of all residential 
buildings in Europe were built before 1960 and 45% between 1960 and 1990, and did not undergo 
major renovation since then1. In order to achieve the EUs ambitious goals on energy efficiency and 
use of renewable energy, it is essential to renovate and retrofit these buildings according to EUôs 
standards for energy efficiency in buildings. Most of these buildings are currently equipped with old 
and inefficient heating systems based on fossil fuels that need to be replaced by modern heating 
systems that are highly efficient and capable of utilizing renewable energy sources. 

 

1.2.2 Focus on urban areas / cities 

At EU level, about 49% of all residential buildings are situated in densely populated, urban areas. 
By 2050, 66% of the worldôs population will live in urban areas2, more than 75% of the total CO2 

emissions will be emitted in cities, and more than 73% of the total primary energy demand will be 
consumed by cities mostly for heating and cooling. Urban areas must therefore play a key role 
in the future of renewable and efficient energy systems. To deal with these challenges, cities 
will need to become óSmart Citiesô. They will have to focus on alternative and decentralized ways 
for energy production based on renewable energy sources as well as on energy conservation and 
efficient energy usage. For cities to become ósmart,ô it is important to develop intelligent energy 
infrastructures including smart electrical and thermal grids. It is thus essential to develop heating 
systems that are tailored for application in urban areas and capable of interacting with future 
intelligent energy infrastructures of óSmart Citiesô. 
 

1.2.3 Focus on air/water heat pumps 

Air/water heat pumps have experienced significant growth rates during the last decade and 
dominate the current market trend. The total number of air/water heat pumps sold in Europe in 
2014 totals 201.749 units. The highest sales numbers were achieved in Germany, Italy, France 
and UK.3 Air/water heat pumps are successful as they are considerably cheaper and much easier 
to install than ground-coupled heat pumps, as they do not need boreholes or surface areas for 
ground-coupled horizontal collectors. These features make them attractive candidates for 
applications where installation of ground-coupled heat sources is difficult or not possible. This is 
typically the case for existing buildings, especially when situated in densely populated 
areas and cities. For these reasons, large scale air/water heat pumps are seen as an important, 
integrative component of the energy infrastructure in cities in the future 

 

  

                                                
1
 BPIE, Europeôs Buildings under the microscope: a country-by-country review of the energy performance of 

buildings, October 2011 
2
 UN, World Urbanization Prospects, 2014 

3
 EHPA, European Heat European Heat Pump Market and Statistics Report 2015, 2015 
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1.2.4 Challenges to overcome 

The challenges addressed by the GreenHP project comprise: 

¶ To achieve high efficiency, heat pumps have to be operated with the lowest possible 
temperature lift which is of high relevance for air-source heat pumps in particular. Old 
buildings, on the other hand, are mostly equipped with heat distribution systems that usually 
require higher temperatures. The desired efficiencies, in terms of primary energy savings and 
yearly seasonal performance, can therefore often not be reached. To solve this problem, air-
source heat pump units need to become more flexible and function well over a vast range of 
temperature lifts and capacities. 

¶ The integration of air/water heat pumps into existing buildings requires improved system 
layouts including thermal storages and improved system controls. Heat pumps must be 
integrated in order to cover a larger part of the heating demand at the lowest possible 
temperature lift for highest possible efficiency. 

¶ The air/water heat pump must be designed to be smart in that it can respond to its 
environment and grid issues, and become an integrative component of a future óSmart Gridô in 
a óSmart Cityô. 

¶ The environmental impact of air/water heat pumps should be enhanced by combination with 
other renewables like photovoltaic or solar thermal systems. 

¶ Finally, there is a great potential to reduce the environmental impact of heat pumps by using 
alternative low Global Warming Potential (GWP) refrigerants. Characteristics like flammability 
and toxicity have so far limited the use of these promising refrigerants, and steps need to be 
taken in order to leverage them safely. 

 

1.2.5 Concept and goals of the GreenHP project 

Two key aspects were considered essential to develop a next generation heat pump fully capable 
to meet the aforementioned challenges: 

¶ Holistic approach including system integration aspects, as it enables the possibility of 
reaching an overall optimum solution for a considered application. This approach is in contrast 
to the common engineering practice of optimizing different components (e.g. compressor, fan, 
etc.) independently achieving only local optima in a final technical application. 

¶ Harmonized research on the component level (including the heat pump unit and its sub-
components) based on requirements defined for an overall application scenario (holistic 
approach). 

 

1.2.6 Objectives 

The GreenHP project pursued the following objectives on system, unit and component level. 

System Level 

¶ Development of a holistic system concept for high-capacity air/water heat pumps 
for retrofitted multifamily and commercial buildings in urban areas. 

¶ Investigation and definition of building integration concepts for high capacity 
air/water heat pumps including control strategies. 

¶ Definition and testing of use-cases for integration of high capacity air/water heat 
pumps into smart electric grids. 

¶ Validate the overall control concept and smart gird integration concept by means of 
hardware-in-the-loop (HIL) testing on lab scale. 

Unit Level 

¶ Evaluation of alternative refrigerants for use in high-capacity air/water heat pumps 

¶ Development of design methods for high efficiency air/water heat pump cycles with 
substantially reduced refrigerant charge using an alternative refrigerant 

¶ Validate the developed concepts for the heat pump unit and the components on lab 
scale by means of testing of pilots. 
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Component Level 

¶ Development of a control platform for air/water heat pumps integrating other 
renewable energy sources including thermal storages and interfacing the smart 
grid. 

¶ Design and investigation of new compressor concepts for an alternative refrigerant 
enabling high efficiency and low refrigerant charge. 

¶ Investigation of new concepts for high performance aluminium microchannel heat 
exchangers for evaporators and condensers enabling low refrigerant charges for 
high capacity air/water heat pumps 

¶ Investigation of new concepts for high performance axial fans with optimised airflow 
system for air/water heat pumps enabling low energy demand and low noise 
emissions. 

¶ Development and investigation of a novel evaporator unit based on advanced anti-
icing and defrosting methods. 

 

The GreenHP research approach is depicted in Figure 1. 

 

 
 

Figure 1: GreenHP Research Approach 
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1.3 Key Scientific and Technical Results 

The GreenHP project achieved the following key scientific and technical (S&T) results: 

¶ Development of an innovative GreenHP concept based on a holistic research approach 
geared at reaching maximum system efficiency on component, unit and system level. 

¶ Development of an enhanced 3-layered controller platform based on Model Predictive 
Control to allow load balancing at maximum efficiency of the overall heat pump system 
including the newly developed System Controller, which allows amongst others the optimized 
integration of other renewables. 

¶ Development of a 30 kW lab-scale air/water heat pump prototype unit for the use in 
multifamily houses using propane as natural refrigerant, equipped with the following innovative 
components: 
-  a novel alumium evaporator prototype constructed with multi-port extruded tubes and 

equipped with a novel bionic refrigerant distributor aiming to significantly minimize the 
refrigerant charge and increase the efficiency of the heat exchangers; 

-  an enhanced very well performing aluminium condenser prototype; 
-  a novel fan designed to be operated with low energy consumption and noise emissions;  
-  an optimized variable speed scroll-compressor using Enhanced Vapour Injection over-

achieving especially the target on oil charge reduction. 
 

 

 

Figure 2: Overview of main S/T results of the GreenHP project 

 

As evident from Table 1, which compares the performance indicators of state-of-the art heat 
pumps at the time of project start, to the targeted indicators for the GreenHP unit, and finally to the 
performance indicators achieved during testing, the GreenHP prototype accomplished nearly all 
performance indicators aimed at. In particular it performed very well in terms of its seasonal 
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efficiency with an SCOP4 of 3.3, which is 0.2 higher than the SCOP aimed for and is comparable 
with the best performing air/water heat pump units in the smaller capacity range of 10-20 kW 
heating capacity.5 

The system showed higher overall efficiency results than expected with a primary energy ratio 
(PER) of 1.32 and CO2-emissions of 187 g CO2/kWh usable energy. In addition, the system uses 
with propane (R290) a natural refrigerant with a very low global warming potential (GWP) of only 3. 
The highest Carnot efficiency reached was 54 % at part load conditions. Out of the performance 
indicators, only three proved to be over-ambitious: firstly, the COP of 3.5 could not be reached. 
Secondly the refrigerant charge required for maintaining a stable operating behaviour was 1900 g, 
which corresponds with 65 g per kW thermal capacity. This is more than aimed for and calculated 
in the simulation, but still much less than conventional systems use. Finally, the energy used for 
defrosting could be decreased less than anticipated.  

Table 1: GreenHP test results compared to Target performance indicators 

Specifications State-of-the-art* GreenHP unit 
planned 

GreenHP  
prototype 

Carnot efficiency factor 40-45% 55-60 %  
(increased by 

15%) 

54 % 

COP (A7/W55) 2.5 3.5 3.0 

SCOP ** (based on EN14825) 2.1 3.1 3.3 

Primary Energy Ratio (PER)*** 
(kWh useful energy/kWh primary 
energy) 

0.84 1.24 1.32 

CO2 Emissions *** 
(g CO2/kWh usable energy) 

294 200 187 

Refrigerants used primarily HFC natural 
refrigerant or 

HFO 

natural refrigerant 

GWP of refrigerants used >1300 <150 3 

Refrigerant charge range  
(g refrigerant / kW heating) 

200 ï 500 30 
(hydrocarbons)  

60 (HFOs) 

65 

Defrost Energy Used about 10 % <5% <10 % 

Smart grid integration N Y Y 

* State-of-the-art relates to most advanced air/water heat pumps available on the market 2012 

** Seasonal Coefficient of Performance (SCOP) calculated based on EN 14825  

*** Based on EU UCTE-Mix; PEF=2.5; EN 15603: CO2-UCTE-Mix = 617g CO2/kWh final energy 

 

In the following chapters the scientific and technical work and results achieved are described 
in more detail on system, unit and component levels. 

 

 

 

                                                
4
 The SCOP was calculated according EN14825 for ñaverage climateò and high temperature applications. 

5
 Heat pump units in the capacity range of 10 ï 20 kW reach SCOPs between 2.9 and 3.4. 
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1.3.1 System level 

1.3.1.1 System specification (Work Package 1) 

The operating conditions of an efficient heat pump system interacting with a smart electric grid are 
mainly influenced by climate and location, electric infrastructure and building type (Zottl 2013). 
To define the general requirements for the technical specification of the GreenHP on system, unit 
and component level, supplementary considerations of existing buildings (BPIE 2011), retrofitting 
options for buildings (IWU 2011) and hot water demand of buildings (Knight 2007) were 
considered. For the detailed system design of the GreenHP unit the following had to be specified: 

¶ Reference climate zone 

¶ Reference location 

¶ Building characteristics 

¶ Heat load and load profiles of buildings. 

 

Reference climate zone 

The GreenHP reference climate zone was selected based on market potential, state of the existing 
air/water heat pump market, substitution (replacement) potential, size of cities, their population 
density, and electric infrastructure, as depicted in Figure 3. To keep in line with EC-regulations 
(ErP, ECO-labelling), the three ErP climate zones ï cold (C), average (A) and hot (H) ï were used 
(Figure 4). 

 

 

Figure 3: Procedure for selecting climate zone and 
location of the GreenHP system 

Figure 4: ErP Directive Climate Zones 

 

France, Germany and UK show high population densities, numerous major cities (Eurostat, 2012), 
a large market shares of air/water-heat pumps (EHPA, 2012); hence, a high level of acceptance 
and therefore market potential for air/water-heat pumps is expected. In addition, these countries 
possess also the highest ñAbsolute Load Shifting Potentialò in Europe (see Figure 5). As the 
countries considered are mainly located in the average climate zone, the average climate zone 
was defined as the GreenHP reference climate zone (green coloured areas in Figure 4).  

 

Reference location 

To ensure high level of interacting of the GreenHP unit with the electric grid and realize a 
maximum of load shifting potential, one important aspect for defining the reference location for the 
GreenHP unit was their smart grid potential. Other important parameters include comparable 
climate conditions to the ErP reference locations, share of renewables in electric power generation 
and population density (see Figure 3).  
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Figure 5: Absolute Load Shifting Potential based on total grid load (Fraunhofer ISE) 

 

Based on the criteria mentioned above, Dusseldorf (average climate zone), Stockholm (cold 
climate zone) and Barcelona (warm climate zone) were selected as GreenHP reference locations.  

 

Specification of buildings and load profiles 

Finally, the building types and load profiles were investigated in more detail as input for the 
detailed system design and layout.  

The main application focus was put on retrofitting multifamily houses constructed before 1995 due 
to the following facts (BPIE 2011): 

¶ 38% of all residential buildings were built before 1960; 45% between 1960 and 1995. 

¶ 49% of all residential buildings in Europe are situated in densely populated areas. 

¶ 27% of the total floor space is situated in apartment blocks compared to only 12.8% for 
commercial buildings. 

 

As Dusseldorf came up as the best location fulfilling all parameters, the system design and 
detailed system layout of the GreenHP unit was carried out for Dusseldorf. The average heat 
load of multifamily houses (TABULA 2013) in Dusseldorf and their domestic hot water demand was 
assessed as follows: the peak heat load for non-refurbished multifamily houses in Dusseldorf was 
estimated at 33 kW to 37 kW; refurbishment of the building envelope including external wall, roof 
and windows is expected to decrease the peak heat loads to 16 kW to 23 kW. The heating 
capacity of the unit will be therefore 30 kW. 

 

Summarizing, the GreenHP system was laid out and optimized for providing space heating and 
domestic hot water for a multifamily house at the reference location Dusseldorf with a living 
area of about 600m². A multifamily house is defined as house with 6 dwellings. The domestic hot 
water demand was set at 100 to 120 litres per day for a dwelling with a 100 m2 floor area based 
on an average temperature rise of 45°C. 

 

1.3.1.2 System Integration and hydraulic layout (Work Packages 2) 

The integration of a heat pump such as the GreenHP unit into an energy system of a multifamily 
house in Dusseldorf geared at reaching maximum system efficiency on component, unit and 
system level is a complex task, as there is a variety of integration options considerably influencing 
the operation conditions and therefore the seasonal efficiency of the heat pump unit. To find the 
best solution from a systematic point of view, the following questions had to be answered: 

1. How to best integrate the heat pump into the hydronic system of the building?  
2. How to best integrate renewable energy sources into the energy system of the building? 
3. How to best integrate the building energy system into the local and regional power grid?  
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Configuration, sizing and control approach are closely interconnected and strongly influence each 
other. Each decision also influences the conditions under which the heat pump is operated. The 
following research questions had to be solved within the GreenHP project on the issue of optimal 
system integration and hydraulic layout:  

1. What is the most promising configuration layout for the integration of the GreenHP unit in a 
refurbished multifamily house? 

2. What is the optimal sizing of the components for the configuration selected? 
3. How can the GreenHP system be operated in a future energy system and how will changes in 

the operation affect the seasonal performance of the heat pump system? 

1.3.1.2.1 System and hydraulic layout 

To come up with a final design of the GreenHP system layout, various possibilities of integrating 
the heat pump unit into the thermohydraulic system of the building, of using solar sources (PV, 
solar thermal) and a thermal energy storage were considered. Several system layouts were 
investigated in more detail and simulated, to identify the most energy efficient layout from a 
systemic point of view. 

Before installing an air/water heat pump into an existing building, refurbishment of the building is 
advisable to keep the heating supply temperatures low and minimize energy losses over the 
building envelope. In the described case for the GreenHP, an exchange of the radiator system 
was not taken into account, mainly due to economic reasons, but the heat demand of the 
building was lowered by means of better insulation so that a design temperature for the 
heating system of 55/45°C was possible. To manage several heat generators (heat pump and 
solar thermal) and consumers (space heating, domestic hot water), a stratified thermal storage 
tank was used. 

As the mode of domestic hot water (DHW) preparation highly impacts on the operating 
temperatures of the heat pump system, two approaches were analysed in more detail: a 
centralized and a decentralized domestic hot water system. According to legionella legislation, the 
water temperature of DHW storages has to be maintained at 60°C, which is higher than the 
heating supply temperature. Hence, in the case of a central DHW production, the temperature of 
the upper part of the thermal storage tank has to be kept above 60°C, while the medium part can 
be maintained at the heating supply temperature determined by the heating curve of the building. 

Alternatively, decentralized heat exchangers can be placed in each dwelling to heat fresh hot water 
when needed, thus avoiding the legionella restrictions on thermal storages. Therefore, the supply 
temperature of the thermal storage can be kept considerably lower (at 45 °C to 50 °C) than in the 
central case. 

Since most of the heat generated by a heat pump is used for space heating, it is advantageous to 
have two separate supply temperature set points, one for DHW and one for space heating. 
This way, the flexibility of the heat pump operation is improved and the operation of the heat pump 
towards the highest supply temperature at all hours can be avoided. 

1.3.1.2.2 Optimal configuration and sizing of components 

To reach the full thermodynamic potential of the GreenHP system, all system components were 
dimensioned in a proper way and appropriate system configurations were selected. Furthermore, 
the complex dynamic interaction among the heat pump systemsô components were considered in 
the system design. Since changing one parameter in any single component was likely to affect 
several other components, a comprehensive system model6 was developed to investigate four 
commonly used system configurations and compare them regarding their annual performances.  

The four different system layouts depicted in Figure 6 to 9 were geared to find out the optimized 
connection/integration of the GreenHP unit to the stratified thermal storage tank and the multifamily 
building. 

                                                
6
 Including several sub-models such as building, heat pump, storage tank, climatic conditions, etc. 
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Figure 6: Indirect 3-pipe system Figure 7: Indirect 4-pipe system 

  

Figure 8: Direct one-tank system Figure 9: Direct two-tank system 

The two indirect systems7 showed the best performance regarding efficiency and operating 
conditions for the variable speed compressor. A comparison of the results from annual system 
modeling showed, that the seasonal efficiency can be improved by 18 % when using the 
indirect DHW system. It became evident, that the 3-pipe system configuration outperforms during 
summer, when only DHW is needed, and underperforms during winter when used to provide both, 
DHW and space heating. As a conclusion, it was decided to design the GreenHP system in a 
way to adapt the system configuration to the season and operating condition to reach the 
highest seasonal performance. The two three-way-valves in the 4-pipe heat pump system 
layout allow the use of the 4-pipe configuration during winter, and the 3-pipe configuration 
during summer.  

This change in the system layout, led to an improved annual system performance by 5 %. 
The advantages resulting from this system layout are expected to be higher than its costs, as it 
enables a more flexible operation of the heating system at lower system temperatures by 
introducing solar thermal, heat storage and using the thermal mass of the building for storing 
energy. Moreover, the results from annual system modelling showed that the storage tank with a 
volume of approximately 2.5 m³ can meet almost 100 % of the DHW demand over the year. The 
main findings from the component sizing are summarized in Table 2. 

                                                
7
 In the indirect 3-pipe system, the heat pump is connected with one return and two supply lines to the tank 

for DHW and space heating operation. Based on the demand and control strategy, a three-way-valve directs 
the supply water from the heat pump either to the space heating or to the DHW section of the storage tank. 
On winter days, the 3-pipe configuration leads to higher temperatures than needed in the storage section 
intended to be used for space heating due to the higher temperatures needed for DHW. Consequently, the 
heat pump works on higher frequencies to provide high temperature that has detrimental effects on the heat 
pump efficiency. In the indirect 4-pipe system, an additional three-way-valve connects the heat pump also 
with two return lines to operate the heat pump for DHW (upper connections of supply / return line) and for 
space heating (bottom connections of supply / return line). Thus, compared to the 3-pipe system, the 4 pipe 
system offers more flexibility on the temperature levels for DHW and space heating. 
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Table 2: Key technical features for the GreenHP layout 

Technical component Description 

Hydraulic system layout four-tubed system with a separate heat exchanger for hot tap water 
in each dwelling 

Solar thermal system layout Collector area: 40-50 m
2
 

Thermal storage: 2-3 m
3
 

Annual useful heat production: approx. 7000 kWh 

PV 10 kWp (not optimised) 

1.3.1.2.3 GreenHP Control Strategy and Smart Grid Integration 

Considering the conditions under which the GreenHP will be operating in the future energy system, 
three system configurations (Baseline: heat pump and thermal storage; High renewable energy 
(RE): heat pump, thermal storage, PV, solar thermal (ST), and PV only: heat pump, thermal 
storage and PV) and two different electricity price conditions (constant electricity price, EEX), were 
selected to represent four use-cases. In order to analyse the impact of different operation 
strategies on the effiency of the GreenHP while at the same time aiming at maximising financial 
revenues (or minimizing operation costs, each use-case (marked in blue in Figure 10) was 
simulated and tested with both, a conventional controller (reference controller8) and the ISE-EMS 
controller, which is an enhanced model predictive controller (MPC) making use of weather 
forecast, predictions of thermal loads, renewable electricity production, electricity prices, etc.9 

 

 
Figure 10 Use cases investigated  

 

A comparison of the control approaches showed, that the ISE-EMS controller increased the 
seasonal performance factor (SPF) of the heat pump in three of four use cases. In case of 
ñBaseline with constant electricity priceò, the SPF improvements reached up to 6% leading to 6 % 
lower annual electricity costs. When using day-ahead electricity spot prices (Baseline EEX10) the 
SPF was reduced, but the use case was still providing financial benefits compared to the reference 
controller. In all cases, the ISE-EMS controller saved between 4% and 22% of total cash flow 
when compared to the reference controller. The financial benefits increased when local renewable 
energy production was taken into account (ñPV onlyò and ñHigh REò use cases).  

Additionally to optimizing the control strategy, the effect of variable electricity prices and increased 
use of PV in the residential sector on the system sizing was investigated. According to the results, 
today's heat pump and back-up heater sizing is nearly fully optimised and does hardly 
change when introducing PV and variable electricity prices. Only the storage size changes, 
depending on the scenario selected. In the scenarios with an installed PV capacity below 30 
kWp and a variable share of electricity price below 40% (+-3.8ú ct/kWh), a storage increase by a 

                                                
8
 The reference controller kept storage and building temperatures at set points given without reacting to other 
signals such as PV/ST production or varying electricity prices 

9
 Described in more detail in chapter 1.3.2 

10
 The heat pump operates during night-time when both electricity price and heat demand is low, and stores 
it for later use when heat demand is high 
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maximum of 30% is sufficient. If the storage is allowed to be overheated, no change in sizing is 
needed, even though this might come at a cost of increased storage losses and decreased heat 
pump efficiency. More information on that topic is published in (Fischer 2015). 

 

Summarising, the GreenHP system layout for a multifamily house in Dusseldorf with a design 
temperature of the heating system of 55/45°C due to better thermal insulation was defined as 
follows: four-tubed system with a separate heat exchanger for hot tap water in each dwelling, use 
of 4-pipe configuration during winter and 3-pipe configuration during summer. Depending on 
the case scenario selected, the use of an enhanced MPC controller saved between 4 and 22% 
of total cash flow. Financial benefits increased when local renewable energy production was 
taken into account. Specification for local renewable energy production: collector area: 40 to 50 m², 
thermal storage size: 2-3 m³ PV: 10kWp 

 

1.3.2 GreenHP controller platform (Work packages 2, 4 and 10) 

1.3.2.1 Definition and specification of the GreenHP control platform 

An innovative hierarchical control platform, capable of locally integrating high shares of on-site 
renewable energy generation and operating under variable prices was developed.  

 

The research work undertaken resulted in a market-ready CE marked System Controller for 
heat pumps (Figure 13) to be integrated into the grid for load balancing. The system controller is 
already in operation in a heating application in Germany. 

Figure 11 Controller hierarchy of the GreenHP project 
 

The controller hierarchy depicted in 
Figure 11 consists of three levels 
(layers): 

On the top level, the energy 
management system (EMS) calculates 
optimal heat pump operation based on 
the current system state, predictions of 
thermal loads and renewable electricity. 
The time variable electricity price is 
received as external control signal and 
used for the calculation of the operation 
schedule, which is sent to the system 
controller in the middle layer.  

The system controller is in charge of the heat management keeping the temperatures in the 
thermal storage and building at the level desired by the user, while trying to fulfil the operation 
schedule received from the energy management layer. The heat pump itself is controlled by the 
heat pump controller (RCC) of Emerson, in charge of the refrigerant circuit, compressor, valves 
and the fan as it is presented in the low layer of the above figure. It was realized by a separate 
controller unit that communicates to the upper layers via Modbus-RTU. 

 

 

The three controllers of the control 
platform were specified functionally 
including the definitions of their 
interfaces to the other layers. The 
system controller of HESCH was 
specified technically on hardware (see 
e.g. the housing of the system 
controller in Figure 12) and software-
level, manufactured and tested 
successfully.  

Figure 12: Top of the housing of the System Controller  
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Figure 13: System Controller 

 

1.3.2.2 Comparison of controllers for system integration 

Heat pumps equipped with a thermal storage, a direct storage or using the thermal mass of the 
building offer the possibility for load shifting, as thermal demand can be decoupled from heat 
generation of the heat pump unit. This capability can be used for different purposes within the 
power system. Three main areas of interest were identified resulting in different operational targets 
for the heat pump: 

1. Operation focussed on direct signal from the electric grid. 

2. Operation along variable prices, which serve as a signal for various purposes. 

3. Operation aiming to increase the use of on-site generated renewable electricity. 

The work undertaken in the GreenHP project focussed on case 2 and 3. As variable prices can 
represent different sources and motivations, they offer the possibility to align heat pump operation 
to various objectives. When the price is a network tariff, case 1 can be demonstrated as well. Case 
3 leads to a local tariff, as it offers a direct benefit on the level of the single house. Case 1 is partly 
included in case 2 and is seen as less crucial as the GreenHP is intended to be placed in inner-city 
areas where the distribution grid is often sufficiently interconnected.  

An illustration of the system integration of the GreenHP unit is shown in Figure 14. A paper 
including a detailed study on heat pumps in smart grids was handed in for publication in 
ñRenewable and Sustainable Energy Reviewsò (Fischer 2016a). 

 
Figure 14: Integration of the GreenHP in the surrounding energy system. 

 

A comprehensive comparison of control approaches of different complexity and differently capable 
of fulfilling the operational targets put upon heat pumps was conducted. Three use-cases were 
investigated for the climate of Dusseldorf, Stockholm and Barcelona aiming at the following targets 
for the controls: satisfying the thermal demand of the building, increasing the use of locally 
generated renewable electricity and optimising costs under time variable electricity prices. More 
information on the work and results is provided in the following: 
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Tested controllers 

The control approaches tested reflect the main control approaches currently in use. Those are: 

¶ Non-predictive rule based controls 

¶ Predictive rule based controls 

¶ Model predictive controls 

The control approaches described in more detail in Table 3 differ regarding their use of external 
information, complexity, computational requirements and flexibility in use.  

 

Table 3: Main Control approaches pursued 

Control 
approach 

Description 

Rule-
based 
thermal:  

 

This is the baseline control approach. The controller is a standard hysteresis 
controller combined with a P-controller for the compressor speed. The storage 
temperature at the DHW and the space heating level is kept within a tolerance 
band. The heat pump speed is increased proportionally to the temperature deviation 
from the set-point.  

PV-follow  

(rule 
based 
smart): 

 

This is an improved version of the thermal rule-based controller for PV applications. 
If the excess power from on-site generation in the building is higher than the 
minimum required electricity for switching on the heat pump, it is switched on. The 
compressor speed is controlled using a PID controller targeting to put the net 
household electric demand as measured at the smart meter to zero. 

Time 
controlled:  

 

The time based controller is a further modification of the rule-base controller. The 
heat pump is blocked at hours of high electric prices and switched on at hours of 
low prices or negative residual load. When switched on by the clock program the 
heat pump heats up the storage to 55 °C 

Model 
predictive 
controls: 

In addition to the rule-based approaches, a model predictive controller was used. 
Based on the current temperatures in the storage and predictions of the heat 
demand, the DHW demand, the ambient temperature and the prices, an optimal 
control problem is solved for each half hour 24h in advance. At each time step the 
current solution of this optimisation problem is applied to the system and a new 
optimal control problem based on the system state is solved. Convex quadratic 
optimization is used to solve the problem. Therefore the heat pump COP is partly 
linearized and the system is modelled as linear time invariant system. For DHW and 
space heating operation as well as for the use of PV a new HP instance is 
introduced. The sum of heat provided by the individual HP instances is limited to the 
maximum heat output of the heat pump. The piecewise linearization of the COP 
results in a quadratic objective function and linear constraints. 

For the GreenHP system, a set of different tailored controls was designed and implemented to 
compare the individual approaches. For all control approaches the minimum needed temperature 
at the top storage level for DHW is 50°C. The required temperature level for the water used for 
space heating is calculated by using an ambient temperature depending on the heating curve. 

Tested use-cases 

To test the controllers, three use cases were simulated for each climate zone and controller (see 
scenario space in Figure 15). The smart grid environment is implemented via a dynamic electricity 
pricing scheme linked to the day-ahead electricity spot price. 
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The three resulting use-cases are: 

1. Thermal: A constant electricity price of 19ct/kWh and no PV plant is installed.  

2. PV self-consumption: A 10 kWp PV plant southwards oriented and 35° inclined is installed 
on the building. A feed-in tariff of 12.34 ct/kWh is paid and the electricity price is constant. 

3. Variable electricity prices: The time variable electricity price based on the day-ahead spot 
price and no PV plant is applied.  

 

 
Figure 15: Simulated scenarios 

 

In all cases, control should keep the temperatures in the heating circuit, the building and the DHW 
part of the storage within the allowed limits. Within these limitations, the different control strategies 
were tailored to fulfil the thermal demand in the most economical way.  

The results showed that the required electric energy and consequently electricity costs for the 
GreenHP operation can be decreased by using a more sophisticated control. Within all tested 
scenarios, the Model predictive controller is able to reduce the energy demand between 1 % 
and 15 % compared to the default rule-based controller achieving an absolute saving 
between 118 ú/a to 306 ú/a depending on the used scenario and the climate region.  

The PV follow control was adapted especially to the PV scenario and showed good results for this 
case. The PV-plant operation costs could be further decreased to 61 to 93 ú/a depending on 
the climate zone of the system.  

More information on the controls used and the comprehensive results are already published 
(Fischer 2014a) respectively handed in for publication (Fischer 2016b). 

 

1.3.2.3 Integration of the GreenHP in the HIL environment 

To test the control concept under realistic conditions and to evaluate the smart gird interoperability 
of the GreenHP platform, various tests were performed in a HIL environment at the so called 
SmarEnergyLab of Fraunhofer ISE. The components used for the HIL tests included: 

1. ISE Energy management system 

2. The system controller, developed within the project by HESCH 

3. The refrigerant cycle controller (RCC) boards of the GreenHP unit, provided by Emerson 

4. The expansion valves connected to the RCC 

5. Sensor & actor emulation including pumps, temperature sensors and pressure sensors 

6. Dynamic system simulation of the building, the storage and heat distribution system 

Controls 

Rule-based 
thermal 

PV Follow (Rule-
based smart) 

Time controlled 

Model Predictive 
Controls 

Use-cases 

Thermal  

PV self-
consumption 

Variable El. 
Prices 

Sensitivities 

Climate 
Conditions 
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To test the controllers, a new approach 
of deriving a small number of 
reference days in order to represent a 
whole year was developed (Fischer 
2015b). This approach allows running a 
real time HIL simulation within three 
testing days while still representing the 
properties of a full year simulation within 
accuracy of 90%. Using the type day 
sequence, the test of the GreenHP 
control platform was performed 
successfully in the HIL environment. 

Further ramping and switching signals 
were used to identify the dynamic 
properties of the GreenHP with respect 
to the requirements of smart grid 
operation. It was found, that the heat 
pump can dynamically adjust 
compressor speed, which can be used to 
react to switching and ramping 
requirements. However, the dynamics 
are limited. In the switching case, it took 
5 minutes for the heat pump from zero to 
full load conditions. This is not sufficient 
for prequalification in primary reserve 
power markets. In the case of ramping, 
the maximum load gradient achieved is 

 

 

Figure 16: Setup of the GreenHP control framework in 
the SmartEnergyLab 

3000 W/min. The bottlenecks identified concerning reaction speed of the GreenHP unit are:  

¶ Limitations in the allowed ramp rate of the compressor.  

¶ The time at minimum compressor speed (rpm) after a switch on and before a switch off. 

¶ Minimum runtimes 

In terms of grid integration, it would be favourable to set the electricity consumption directly instead 
of setting the heat request. However, this would possibly lead to challenges on the side of thermal 
system management.  

 

Summarizing, an advanced, three layered, controller platform was designed and tested for 
several use cases to allow load balancing at maximum efficiency and lowest costs of the overall 
heat pump system. Depending on the use scenario and climate zone selected, it was shown, that 
the Model predictive controller reduces the energy demand of the GreenHP system between  
1 % and 15 % achieving an absolute saving between 118 ú/a to 306 ú/a. Following the PV follow 
approach, the PV-plant operation costs could be further decreased to 61 to 93 ú/a depending 
on climate zone of the system.  

The System Controller of HESCH, in charge of the overall heat management, was developed 
successfully on hardware and software level to market maturity and is offered as CE-certified 
product for all heating solutions with storage capabilities. 

 
  














































