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Abstract – We acted for 2 years, as environmental engineering for Cognin town on an “Eco-district” of 
more than 1000 residences in the long term. The approach carried out by our team was to give to the 
urban development great qualities in the topics of motilities, energy performances, alternative approach of 
the rain water treatment, of the biodiversity,… 
“Energy” aspects were approached on an urban scale on many subjects like bioclimatic design, summer 
comfort, public lighting management, etc… 
Beyond this urban approach, we were head of mission to define the performance level of the future 
buildings propose on site by developers, architects team and engineers. The constraints imposed are very 
strict on the environmental level and requires an energy performance 20% higher than actual French 
regulation RT2012 for the first section (2013-2015) and a German Passiv Haus level for the following 
sections (after 2015). 
 


 
1.  INTRODUCTION 


 
1.1. Presentation of the project 


In the executive of our mission of accompaniment 
Sustainable development of the project-base of town 
planning,  the town of Cognin asked us to solicit the 
operator of the main district heating of the town of 
Chambéry (SCDC - COFELY) and the natural gas 
distributer (GDF SUEZ) to supply the district. We had 
to compare both solutions. 
SCDC develops a great overheated water 
service (160/110°C) on Chambéry city 
(100 000 inhabitants).   


 
After detailed analysis (economical, energetic, CO2, 
development …), the city of COGNIN chooses the 
heating.  
Our common technical studies will lead to an extension 
of low temperature (70/50°C) district heating for this 
Eco district, for supplying heat to the residential 
buildings for the heating and domestic hot water 
 The use of low temperatures allows extremely 
important extension of all high temperature district 
heatings, to the periphery of the urban centres. 


We proposed this extension with the main district 
heating of Chambéry (SCDC). 
 The potential of reproducibility of this process is 
broad. 


 
We made a study for SCDC, in partnership with the 
INES1 (P. Papillon and C. Paulus), in order to evaluate 
the technical and economic relevance of integration of 
solar energy in this new district heating. 
 


                                                           
1 Institut National de l’Energie Solaire 







This new district proceeds in several phases : 
1. Zone 1: 501 residences (42 000 m ² SHON), 1st 


buildings delivered in 2014 and School facilities : 
Nursery : 600 m ², Nursery school : 900 m ², 
Elementary school : 1300 m ², Canteen : 170 m ² 


2. Zone 2 : 390 residences 
3. Zone 3 : 340 residences 


 
The typical location of this project is induced by a 
situation “in the South of Europe”, in moderated 
climate, compared to many projects of the bibliography 
often located in the Scandinavian countries, Northern 
European countries, or in Canada.  
The second specificity is the building high thermal 
performance that put the needs of heating and domestic 
hot water on the same level  
These two characteristics determine needs, modes of 
drawing up of energy and balances between domestic 
hot water and Heating very different from the 
bibliography.   
Energy needs are quite low and their variations over 
the year are rather different from existing profiles. 


 
1.2. Aim of the study 


The objective of our communication is to show the 
interaction between a Southern European climate , a 
high envelope performance that leads to a reduction of 
energy requirement, and the development of a  low 
temperature district heating with decentralized solar 
system connected to an existing high temperature 
district heating 


The relevance of this approach is studied in order to 
substitute fossil energies and limit the CO2 emissions, 
including on high performance sites “already”. Indeed, 
it is a transverse approach concerning  


 Issue of centralized facilities (district heating) for 
low energy needs district  


 Using solar energy to supply heating needs. 


 A better independence with the raising of 
hydrocarbons cost for social and private housing 


 


The credibility of the approach and the finalization of 
the project are strong. The study is intended to 
formalize (or not) a project carried by an operator of 
district heating in a logic of balanced, healthy and 
perennial exploitation. 
The physical work of simulation, relevance of the 
hydraulic diagrams, adaptation of the control loops 
selected, are elements that must be proven, because the 
study must lead to a concrete realization. 
 


2. STRUCTURING OF THE STUDIES 
It was carried out in collaboration with INES. ITF 
determined the energy requirements by dynamic 
simulation under TRNSYS17.  
ITF and INES have collaborated in the definition of the 
hydraulic plant : connection to the high temperature 
district heating, mid-term storage, low energy district 
heating itself and sub-stations. Due to the real estate 
pressure, it was decided to work on decentralized solar 
system connected to the district heating. 
Several technical devices of production and re-
injection of solar energy heat were tested by 
simulations in order to choose the optimal solution 
based on its energy performance and its economic 
costs:  


 Alternatives for feeding solar energy into the 
district heating  


 Alternatives of local consumption of solar energy 
produced to reduce the transfers on the related 
heating and losses  


 District heating configurations to 2 and 3 pipes 


 
Several systems of control were also compared. A 
multicriterion choice of the potential profits was 
carried out based on the energy, the operability, the 
easiest way of development and the warranty of 
production for a long time. 
 


3. ANALYZES AND COMPARISON OF 
THE NEEDS 


3.1. Base analysis 
For our simulations we integrated: 
1) Three types of thermal performance of envelope of 


the building  







a) Less 20% than actual French Thermal 
regulation (RT2012) with 24.3 kWh / m².year  
for the heating loads in Chambery and with 
the same building quality 39 kWh / m².year  in 
Malmö (named HIGH performance in this 
paper) 


b) Approximately  French Thermal regulation 
RT2005, with 47.8kWh / m².year  for the 
heating loads in Chambery weather data 
conditions and with the same building quality 
69.8 kWh / m².year  in Malmö (named 
MEDIUM performance in this paper) 


c) Not so good construction, quality of the years 
1990, with 91.5kWh / m².year  for the heating 
loads in Chambery and with the same building 
quality 124.6 kWh / m².year  in Malmö 
(named LOW performance in this paper) 


2) two weather data 
a) Chambéry 45°N with 2 433 Degree Days 


(1996 – 2005 period) 
b) Malmö with 3 173 Degree Days (1996 – 2005 


period), with the same buildings quality than 
in France, but Malmö weather data. 


 
With these assumptions, the needs were evaluated by 
simulation TRNSYS17. 
 
The table below gives a synthesis of these evaluations. 
One can note, that the absolute values of energy 
demand, but especially the relative values require 
domestic hot water/heating of it are very variable. 
 


[unit : kWh / m². year]
TOTAL 


needs


1990
Not so good construction, 


quality of the years 1990
92 66% 47 34% 138


Med.
Approximately  French 


Thermal  regulation RT2005, 
48 57% 36 43% 84


Good
Less  20% than actual  French 


Thermal  regulation (RT2012) 
24 40% 36 60% 61


1990
Not so good construction, 


quality of the years 1990
125 73% 47 27% 171


Med.
Approximately  French 


Thermal  regulation RT2005, 
70 66% 36 34% 106


Good
Less  20% than actual  French 


Thermal  regulation (RT2012) 
39 52% 36 48% 75


MALMÖ


Heating needs
Warm water 


needs


COGNIN


 
 
The weaker the thermal losses are in absolute value 
(thermal envelope of better quality or more lenient 
weather conditions), more domestic hot water share 
increases in the total needs. We indeed considered that 
the domestic hot water request varied little that it is in 
time or according to the latitude. 
It results from this approach several consequences on 
the operation of the low temperature district heating 
and from its storage of energy.  
 
As the performance of the building improves and as the 
conditions weather are more lenient: 


 The profile of drawing up of energy on the district 
heating is stabilized in the time, controlled by 
more important racking domestic hot water in 
proportion 


 The average temperature of the district heating 
increases, because it is the mode of the exchanger 
which imposes the energy level 


 The profitability of the district heating becomes 
lower because the quantity of sold energy 
becomes weaker in comparison with the length of 
district heating to develop. 


 


3.2. Ratio consumption heating/domestic hot water 
The following curves are evaluated for the climate of 
Chambéry (45°N) 


 
Case 1990 performance building for Chambéry 1 


In this case one can see the consumption of energy for 
the heating 
In the situation of a very powerful building in 
Chambéry, one can note that the consumption ratio is 
quite different. 
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It is important to note that this situation will become 
the construction standard of “tomorrow”. 
If one considers the conditions weather of Malmö, the 
variation are even more significant, that is to say for 
the first graph with a poor building. 
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And for the second with a very powerful building 
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3.3. Impact on the levels of temperature 
 
It arises that the district heating water temperatures will 
be very different. The performance of the building 
envelope and the situation in the South of Europe will 
allow energy level much low. 
One can see in the two graphs below, the variations in 
temperature which exist between the unfavorable case, 
that is to say weather data of Malmö/not very powerful 
building and weather data of Chambéry/very powerful 
building. 
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There exists almost 10°K difference between the two 
cases. This difference is already a real potential of 
improvement of the solar collectors global efficiency. 
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4. Simulated model of district heating  
During these studies our relations with INES were 
many and rich. 
 
Our initial objective was to support the best solar 
panels efficiency because of “low intrinsic 
profitability” of this district heating with its very 
powerful buildings and its low heats needs. We had 
also an objective to make reproducible this system for 
the “South of Europe”. 
 
On the basis of hydraulic proposal for diagrams, 
common reflections as well on theoretical dimension as 
on a very operational and pragmatic vision, we worked 
out several models. 
We carried out many tests, studies of sensitivities, 
energy assessments, on the thermals of the losses and 
the energy ones of the pumps of the district heating, on 
the storage and the modes of control of the various 
active elements. 
We were initially surprised by the strong drifts in 
temperature of the circuit return of the district heating.   
 
It arises that a solution based on a “third tube” was 
adopted to provide to the solar collectors, the water 
always coldest possible. This third tube makes it 
possible “to supply the solar collectors” with water 
coming from the coldest part of storage. 
 
The figure below show a comprehensive view of the 
“head” of the district heating with the origin by the 
high temperature/pressure SCDC main district heating 
and the low temperature / low pressure district heating 
of the Eco-district in three pipes. 
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One can also see the management system (valve two 
ways and drains various depths) of storage/destocking 
optimized to maintain the best possible stratification. 
The selected technical party is to carry out the totality 
of connections to storage “by the top” to remove any 
risk of defect of sealing and to facilitate maintenance 
 
On this next figure, one sees the district heating which 
develops in the ECO district, with the third pipe which 
brings on the solar exchanger the coldest water of 
storage to optimize the solar efficiency. 
 


 
 


5. Comparison of the performances 
 


5.1. Recall of the integrated assumptions 
Previous values are obtained with the following data 
input: 


 480 residences in phase 1 


 Average size of a building : 40 residences 


 2160 m ² of solar collectors distributed on the 
buildings  


 3000 m3 of centralized storage 


 District heating with three pipes 


The energy loads are shown in the figure below 
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5.2. Analysis of the results 


Several indicators have to be considered in order to 
quantify global system output: 


 Solar performance,  


 Electricity consumption 


 Thermal losses 


 Modes of temperature  


 
Indeed, it is not so obvious to define “which is the best 
performance”.  
Energy injected at the head of district heating to make 
the base can be provided from two sources: renewable 
sources or from a priced one, which depends on energy 
market price. Its contents in primary energy or carbon 
are different according to whether the source is gas, 
biomass,… 
It is the same for the electricity consumed by the 
pumps, which can be “without carbon” if it is nuclear 
or highCO2 level if produced by coal station. 
The real performance, integrating the concepts “of 
exhaustion of the resource”, carbon emissions, gray 
energy becomes more complex than simply kWh 


 
 


5.3. Electricity consumptions for district heating   
 
The following figure show two impacts which go in 
opposite direction. The electricity consumptions are 
stronger for Cognin, because of the more important 
solar occurance, there is more energy to transfer in the 
district heating. Contrary, as the performance of 
building decreases, electricity consumptions increase to 
compensate the needs. 
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5.4. Thermal losses of the district heating 
 
The district heating thermal losses are more important 


for project with good thermal envelope of building and 
better sunning conditions. 


The explanation comes from the distribution between 
needs for heating and need for domestic hot water.  


 
Indeed, when a majority of drawings up is carried out 


for the production of domestic hot water, the mode of 
temperature of the sub-stations and by the district 
heating increases significantly 
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5.5. Thermal solar energy stored 
Stored energy is more important for Cognin than for 
Malmö because of the weather conditions: they are 
more favourable for the solar profits.  
The stored amount also increases when the thermal 
quality of the building is decreasing, because the 
average need is higher and the aptitude of the site to 
consume it, is larger 
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5.6. Thermal solar energy saved 
The solar energy (in %) is always the higher as the 


construction project is performing, because the 
absolute value of collected solar energy is brought back 
to a request which is weaker. 


Because of solar weather condition are less 
favourable at Malmö, the value has a lower growth in 
Sweden.  
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5.7. Thermal base energy from high pressure & 
temperature main district heating 


This figure simply shows the coherence of the 
modelling. The consumption of basic energy is well 
increasing with the unfavourable data weather and the 
degradation of the thermal performance of the building. 
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5.8. Solar energy global production 
The solar production increases with the fall of the 


quality of the building because the energy demand is 
stronger and the same quantity of solar collector can 
provide more heat. 
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5.1. Solar productivity 
 
The productivity (in kWh/m ².year) is higher for 


Cognin than for Malmö, because the supplied energy is 







more important in the South, that mean a solar 
radiation of  1.400 kWh/m ².year instead of 1.160 for 
North. 


However we can note that this productivity is at very 
good level with nearly 500 kWh/m ² .year for building 
with high performance in Cognin and almost 400 for 
Malmö and with same building 
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6. ADD-IN ON THE MANAGEMENT OF 


THE SUB-STATIONS 
 
We recently made an energy study to evaluate the 
relevance and the profits of thermals and electric 
consumption on the sub-stations management.  
The objective was to evaluate the profits by the 
installation of “hydro-ejectors” to control the power of 
the exchangers (in the place of the traditional two ways 
valves). 


 
 
The conclusion of the study is a profit from 
approximately 9% in primary energy with the French 
conversion rate, that is to say 1 for energy Natural gas 
and 2.58 for electricity. 
 


 
 
The second interest for this system of regulation was 
shown by our study, a VERY low temperature for the 
return of the district heating. 
 


 
On the figure below one can note the deduction of flow 
rate due to this regulation technology. The direct 
consequence is a strong reduction in the electricity 
consumption of the pumps. 
 


 
 
This technical item was not integrated in the model for 
the moment, but is of an important interest on these 
district heatings where the objective is to increase the 
efficiency of solar collector plant. 
 


7. CONCLUSIONS 
Performances of these complex installations have 
multiple forms, that is to say thermal solar profits, of 
annual productivity of the solar collectors, electricity 







consumptions of the pumps, losses of the district 
heating and storage. 
The variation of these various indicators always is 
especially not directed in the same direction when one 
not of North in the South of Europe. 
 
Hierarchisation between these various performances 
and arbitration for decision making raise more strategic 
planning than of energetics or economy. 
 
It is a question well of carrying out the best 
compromise between the limitation of the Carbone 
emission, renewable energies recourse, to reduce the 
planet exhaustion and to tend towards ”circular 
economy”. 
Of course economic credibility must be shown for any 
geographical location. 
This study shows that 


 these project of district heating with solar energy, 
are very relevant to use all the year solar energy 
with contribution on the building heating, 


 these project are more delicate to balance in the 
South of Europe and with very powerful buildings. 


 
Simulations showed that low temperature district 
heating is a real factor factor of allowance of all the 
indicators. 
We have the conviction, thanks to our operational 
engineering experiment, that the global good 
performance strongly depend on many “points of 
detail” like the heat insulator of the district heating 
pipes and of the storage, the mode of regulation of the 
sub-stations and the driving of the variation of the 
pumps flow rate. 
It would seem convenient to us to find modes of 
predictive regulation of the district heating 


It is shown in appendix the total balance-sheet for 
Cognin and Malmö, with the building high efficiency 


 
We really hope to return very soon in front of you with 
a project in the course of construction and a few times 
later with measurements,… 
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Abstract – The individual operation of solar thermal systems and heat pumps is considered as 


technologically mature. Following Haller et al. (2011), the combination of solar thermal systems and heat 


pumps holds potentials to minimize primary energy share by synergetic effects. On the one hand the main 


technological and scientific focus of the past was on the planning and realization of such combination 


systems. On the other hand the operation of the system is the main economic and technological challenge, 


due to the high complexity of control strategies. One decisive approach to achieve high energy yield 


security is long-term operation monitoring, data analysis and automatic failure detection, according to 


Fink et al. (2010) and Loose et al. (2011). 


An economical solution represents the development of a computer-aided operation monitoring, 


analyzing and interpreting data in almost real-time. This work describes the development of 


implementing heat pumps for combination systems in the software IP-Solar, which focuses on automatic 


operation safety and energy yield control. 


 


 


1. Introduction 


A huge, unused market potential is attested for large 


solar thermal systems (LSTS) concerning Fink et al. 


(2008) and industrial large heat pumps with reference to 


Lambauer et al (2008). Solar thermal plants monovalent 


driven as well as combined with heat pumps are 


considered to be a promising technology, in particular in 


lower power range up to 20 kW. In recent years, those 


combination systems were increasingly installed based on 


economic and ecological framework conditions according 


to D’Antoni et al. (2013). The realization of installations 


in larger power range (> 20 kW) is even stronger linked 


to economic parameters, due to investors claim for an 


energy yields guarantee. 


The integration of heat pumps into solar thermal plants 


generates high demands in view of the control strategies. 


Notably serial circuitry of the technologies causes 


dynamic operation characteristics by reason of mutual 


interaction. Long-term and automated operation 


monitoring is an essential key to optimize system 


operation. IP-Solar was developed to monitor the system 


automatically and to ensure cost-effective operation by 


minimizing loss of energy yields. 


Up to date framework conditions in key figure 


definitions for solar thermal systems in combination with 


heat pump installations from IEA SHP Task 44 / 


HPP Annex 38 are implemented in IP-Solar. These key 


figures shall lead to a fair comparison between different 


hydraulic solutions. 


The goal of this work is the implementation of solar 


thermal systems in combination with heat pumps in IP-


Solar. Exemplification for the implementation of IP-Solar 


and the adaptation of the latest finding in IEA SHP Task 


44 / HPP Annex 38 is the installation at Wasserwerk 


Andritz in Graz, Austria, described in detail in Table 1.   


Table 1  Technical inforamtion Wasserwerk Andritz 


Location 


Graz, Austria 


coordinates: N47,1° O15,4° 


altitude: 350m 


Heat pump 


Heat source: solar collector 


Heat performance: 151 kW 


COP 4,2 (B30/W65) 


Solarthermal 


3 solar collector fields 


2463 m² S, 782m² 30°W, 286 m² O 


District heating, DHW, SH 


Storage Storage volume: 64m³ 


2. Modularization 


Large solar thermal systems combined with large heat 


pumps are occasionally implemented on the market, 


unlike small power range combination systems. Most of 


the large power range systems put into operation (Battisti 


(2010) und Mahler et al. (2010)) use either lower 


temperature levels in the storage tank as heat source or 


the collector loop. 


As a uniform characterization of the installation a 


square view scheme, developed in IEA SHP Task 44 / 


HPP Annex 38, is shown in Figure 1. It describes the 


serially implementation of the heat pump in a solar 


thermal installation at Wasserwerk Andritz. Additionally   







Figure 1 Square View of the installation Wasserwerk Andritz


to domestic hot water and space heating, a district heating 


grid is used as heat sink. 


The modularization of the heat pump is implemented in 


IP-Solar, following the method of Dröscher et al. (2009), 


shown in Figure 2. Other hydraulic configurations, as 


described in Henning and Miara (2009) or Frank et al. 


(2010), are easily adaptable. 


The IP-Solar system represents the entire heating 


system from the sink to the source. The field switch to the 


connected buildings defines the IP-Solar system´s 


boarder.  


 


Figure 2 Modular scheme of the installation Wasserwerk Andritz including data points 


3. Measurement equipment 


The containing measurement equipment is located 


within the modular approach of IP-Solar. Independent of 


the measurement equipment, the automatic analysis is 


adapted to the existing data points – a minimum level of 


measurement equipment is recommended to run IP-Solar 


for detecting potential harmful failures of the installation. 


In general, temperature, pressure, flow and irradiation 


sensors, as well as heat and electrical energy meters and 


control signals can be integrated in IP-Solar. In figure 2 


control signals are shown in green, all others are notified 







in red in respect to a better overview. There is no 


additional hardware necessary to run IP-Solar at an 


installation, beyond a controller with Ethernet connection 


for an ongoing data transfer. 


Challenges are the analyses of the heat pump in the 


software, due to commercial available controllers don’t 


include a digital interface. Therefor it is hardly possible 


to detect automatically thermodynamic states within the 


heat pump. 


For the evaluation of key figures of systems combining 


solar thermal and heat pump, determining the electrical 


energy on the one hand for the compressor and on the 


other hand for the pumps is a matter of consequences. 


The affinity law for fluid flow engines gives a proper 


statement to the consumed energy of the pumps – this is 


described in detail in chapter 4.1.  


4. Methodology 


The method of failure detection for the implementation 


of the heat pump in IP-Solar is based on Ohnewein et al. 


(2010). Basically, two terms have to be distinguished: on 


one hand a malfunction describes the component not 


working at its best, but cannot be detected directly. On 


the other hand the result of a malfunction directly 


detectable is defined as failure. 


Critical failures may lead to operation breakdowns 


of the solar thermal installation or the head pump. 


Therefor its detection becomes top priority within the 


IP-Solar system. 


Table 3 shows examples of malfunctions and failures on 


different levels. 


Around 40 component-dependent malfunctions and 


around 25 failures were collected in the process of 


implementing the heat pump in IP-Solar. Each 


malfunction and each failure was evaluated using a 


failure mode, effects and criticality analyses (FMECA) 


rated by a risk priority number. This valuation of the 


severity is important for further calculations.  


Various types of algorithms for failure calculation, 


described in detail in Ohnewein et al (2010) are used in 


IP-Solar.  In Fgure 3 the algorithms process, asscending 


by the calculations’ complexity for automatic monitoring 


is characterised.   


Acquised measurement data are centrally stored in the 


IP-Solar database, ensuring both a encrypted datatransfer 


and a data storage at high level of safety. An import-filter 


translates data protocols from different controllers into an 


internal standard protocol. As a result the system is 


controller-independent.  


All transferred measurment data are checked on their 


technical and physical plausibility. For instance, only 


summing up measured thermal energy by the heat meters 


is ensured. 


Key figure algorithms are suitable for calculating key 


figures and preparing measurement data for additional 


interpretation (for instance setting up median values of 


temperature). Up-to-date key figure definitions for solar 


thermal systems combined with heat pump installations 


from IEA Task 44 / Annex 38, Malenkovic (2012), are 


implemented in the system. As an example the system 


boarders for the System Performance Factor (SPF) are 


given in Figure 2.  


Failure algorithms give numerical anwers on specific 


failure questions, based on the FMECA-list. In Table 2 


failure Table 2 the systems’ responses on certain failures 


are listet. 


The users can individually modify limit values for each 


algorithm or plant. The number of calculated failures 


depends either on the hydraulic configuration of the 


installation or the number of datapoints in an installation. 


The higher the amount of detectable failures, due to high 


resolutions of datapoints, the more effective is the local 


detection of the malfunction. 


Table 2 failure response 


Failure 
Response 


numerical value 


No failure detected 0 


Warning limit 1 


Critical limit 2 


Table 3 Selected examples of malfunctions and failures in operation of solar thermal combined with head pump 


systems 


Components 


Failure Malfunction 


Is the solar return temperature below 


the ambient temperature? 


Condensation at the absorber, 


followed by mold formation 


Is the performance of the heat pump 


below expectations? 


The refrigerant is emitting from the 


heat pump 


General failures in control logic 


Is the mixing valve not closing at too high brine temperatures? 


Is there no release signal for the heat pump although collector temperatures are 


suitable?  







 


  


Algorithms that calculate trends can detect a stationary 


operating point and respond the value of a certain data 


point of interest. For instance, the heating performance of 


the heat pump is plotted under the same framework 


conditions over time. 


The key finding of monitoring a combined system is to 


detect the potential of optimizing the control strategy of a 


system in operation at an installation. One way may be 


the comparison of different installations’ key figures – in 


fact this is hardly convertible in large scale installations. 


Large scale installations varify in their field of 


applications (like process heat, feeding-in district heating 


grid, …), in contrast to small scale installations (DHW 


and SH).  


In fact, Thür et al. (2012) prospose an interesting 


solution optimizing solar thermal systems combinated 


with heat pumps based on internal measurment data.  


Thermal energy from the sink and the source are sorted 


and plotted by temperatur classes. 


Fgure 3 levels of algorithms 


4.1. Determining the electrical performance of 


circulating pumps 


In order to calculate key figures of solar thermal 


systems combined with heat pump installations, the 


determination of the electrical performance of the 


circulating pumps is essential. IP-Solar is provided 


without additional electircal energy meters for the pumps, 


as the electrical performance is calculated based on the 


affinity law for hydraulic fluid flow machines. The 


correlation between rotation speed of the pump and the 


electrical performance is described by the general cubic 


Equation 1. 


The params a, b and c are highly depending on the 


pumps and either established from producer information 


or the affinity law. Param d is zero. In fact, no electric 


current is passing the contacts at rotation speed equals 


zero. 


In Figure 4 the results of the comparison between 


producer information and affinity law are shown. The 


electrical performance of the pumps in kW is plotted at 


the ordinate and the abscissa showing the relative rotation 


speed of the pumps in percentage. 


The evaluation is based on measuring data (January 


2013) at continuing operation at the installation 


Wasserwerk Andritz.  


The calculated electrical energy is around 7% below the 


electrical energy measured by an electric meter in the 


observation period. 


In IP-Solar, electric energy for pumps is calculated, 


therefor no additional electric meter is necessary for 


keyfigure calculations. Nevertheless to determine the 


electric energy for the compressor of the heat pump, 


electric meters are required. 


      
           Equation 1 







 


Figure 4 electrical power of pumps depending to relative rotational speed 


5. Validation  


All implemented algorithms are tested in a standardized, 


two-leveled process following Ohnewein et al. (2010): 


expected results are confronted with calculated results 


and compared. The implementation of solar thermal 


systems combined with a heat pump in IP-Solar is tested 


at the installation Wasserwerk Andritz. Measurement data 


from the operation are available since December 2012. 


The first step in testing failure algorithms is to evaluate 


manually generated data. Unit tests describe the 


comparison of artificial generated measuring data with 


expected results. The test is positive if both values agree. 


Testing key figure algorithms based on real historical 


data from the installation can additionally be manipulated 


by the testing person. In a second step failures of failure 


algorithms can be provoked by modifying real historical 


data. 


6. Conclusion and outlook 


In this paper the development of IP-Solar extending for 


solar thermal systems combined with heat pumps is 


described. Long term and automated monitoring provides 


the possibility to strengthen confidence in large solar 


thermal systems, as well as solar thermal systems 


combined with heat pumps at various target groups.  


Investigators benefit from automated long-term 


monitoring services, as higher energy yields are expected. 


Scientists can work on prepared measurement data more 


effectively. 


These target groups may be operators of plants, 


investigators as well as public authorities and scientists. 


Up-to-date framework conditions for key figure 


definitions as IEA SHC Task 44 / HPP Annex 38 result’ 


are implemented in IP-Solar. Fewer requirements for 


measurement equipment in electric meters are necessary 


as consequence of calculating the electric power of 


pumps. Extensions to implement hydraulic 


interconnection for smaller power bands are realizable. 


In the actual state of process algorithms are tested in 


unit tests and based on real historical data. For future 


works, an interesting challenge is to detect automatic 


potential for optimizing the operation. 


 


More information you find 


www.ip-solar.com 



http://www.ip-solar.com/





7. Abbrevatives 


DHW Domestic hot water 


LSTS Large solarthermal systems Pel Electrical performance pumps 


n Relative rotation speed of pumps SPF System performance factor 


Pel Electrical performance pumps SH Space heating 


SH Space heating   


SPF System performance factor   
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Abstract – The development of solar district heating is experiencing a booming. In some case the space 


available for the integration of solar panels is limited and the use of decentralized systems is necessary. 


For decentralized solar district heating systems different hydraulic schemes at the substation level, with 


or without local use of solar energy, are possible. The present paper detailed an advanced study on 


decentralized solar district heating system using dynamic simulation software. 9 different architectures of 


substations for decentralised solar district heating system have been investigated with a return to return 


feed in. For each architecture many parameters that influence the performance of the solar installation 


have been studied such as the district heating network return temperature, the solar collector area and the 


type of solar collector (low temperature or high temperature solar collector). 


 


 


1. INTRODUCTION 


 


Solar District Heating is becoming more and more 


popular in European countries especially in Denmark 


where dozens of systems are already installed since many 


decades (Dalenbäck, 2010).  


In France, the interest for Solar District Heating is new, 


but is growing quickly (Paulus, 2012), especially with the 


development of new districts with low-energy buildings. 


In such context, solar thermal energy can achieve 


significant fractional energy savings for both space 


heating and domestic hot water preparation. 


As these areas are densely populated, solar collectors 


cannot be implemented on the ground, but should be 


installed on the roof of the buildings. Such 


implementation offers many options for hydraulic 


connection of the solar collectors to the district heating 


network as well as for the implementation of thermal 


energy storage. 


Within the SDH+ project, and based on “Quartier 


Villeneuve” a new district of 480 housings under 


construction close to Chambery, a case study was 


conducted to select the most appropriate solution based 


on an extensive simulation work with TRNSYS software. 


9 different architectures of substations for decentralised 


solar district heating system have been studied for a 


building of 40 apartments. 


 


2. ARCHITECTURE OF SUSBSTATIONS 


 


Within this study, 9 different architectures of 


substations for decentralised solar district heating system 


have been selected in collaboration with ITF engineering 


office and investigated. 


They are characterised by: 


- The use of solar thermal energy locally for 


DHW preheating, referred as E1 (no preheating), 


E2 (preheating with a DHW heat exchanger) and 


E3 (preheating with a DHW storage tank) 


- The possible local use of solar thermal energy 


feed in the district heating, referred as R1 (no 


local use), R2 (solar energy feed in the DH is 


used for preheating the DH return line) and R3 


(solar energy is used to preheat the return line of 


the DH after the solar/DH heat exchanger) 


Regarding the “feed-in” principles of the solar thermal 


energy to the district heating network, the option referred 


as “feed-in return -> return” has been selected. With this 


principle, the flow is picked from the return line of the 


DH network, then heated through the solar heat 


exchanger and injected in the return line of the DH 


network. 


 


2.1 Configuration E1R1 


The use of solar energy for this configuration is: 


- DHW preheating : no preheating (E1) 


- Feed in district heating : no local use (R1) 


 


 
Figure 1 : E1R1 hydraulic scheme 


 


The solar collectors are installed on the roof and feed in 


the district network. There is no local use of energy. 


The solar installation is the most basic and needs one 


heat exchanger. 
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2.2 Configuration E1R2 


The use of solar energy for this configuration is: 


- DHW preheating : no preheating (E1) 


- Feed in district heating : solar energy feed in the 


DH is used for preheating the DH return line 


(R2) 


 


 
Figure 2 : E1R2 hydraulic scheme 


 


The solar collectors directly feed in the district heating. 


The solar energy could be used locally through a heat 


exchanger installed after the reinjection point and located 


between the district heating network and the building 


circuit. 


This solution needs two heat exchangers. 


 


2.3 Configuration E1R3 


The use of solar energy for this configuration is: 


- DHW preheating : no preheating (E1) 


- Feed in district heating : solar energy is used to 


preheat the return line of the DH after the 


solar/DH heat exchanger (R3) 


 


 
Figure 3 : E1R3 hydraulic scheme 


 


The solar collectors could feed in the district heating but 


also the local circuit of the building. Compared to the 


previous solution (E1R2), the solar energy goes directly 


from the solar collectors to the local circuit of the 


building and do not transit through the district heating. 


This solution needs also two heat exchangers. 


 


2.4 Configuration E2R1 


The use of solar energy for this configuration is: 


- DHW preheating : preheating with a DHW heat 


exchanger (E2) 


- Feed in district heating : no local use (R1) 


 


 
Figure 4 : E2R1 hydraulic scheme 


 


The solar energy collected by the collectors could be 


either used for the preheating of the DHW with an 


instantaneous heat exchanger or feeding in the district 


heating. The solar use for DHW only works if there is at 


the same time DHW demand and solar ressources. 


This solution needs two heat exchangers.  


 


2.5 Configuration E2R2 


The use of solar energy for this configuration is: 


- DHW preheating : preheating with a DHW heat 


exchanger (E2) 


- Feed in district heating : solar energy feed in the 


DH is used for preheating the DH return line 


(R2) 


 


 
Figure 5 : E2R2 hydraulic scheme 
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The solar energy collected by collectors could either be 


used for instantaneous DHW preheating or feeding in the 


district heating. 


The energy feed in the district heating could be locally 


used through a heat exchanger between the district 


heating network and the building circuit. 


This solution needs three heat exchangers. 


 


2.6 Configuration E2R3 


The use of solar energy for this configuration is: 


- DHW preheating : : preheating with a DHW 


heat exchanger (E2) 


- Feed in district heating : solar energy is used to 


preheat the return line of the DH after the 


solar/DH heat exchanger (R3) 


 


 
Figure 6 : E2R3 hydraulic scheme 


 


The solar energy collected by collectors could either be 


used for instantaneous DHW preheating or feeding in the 


district heating or used locally in the building circuit. 


This solution needs three heat exchangers. 


 


2.7 Configuration E3R1 


The use of solar energy for this configuration is: 


- DHW preheating : preheating with a DHW 


storage tank (E3) 


- Feed in district heating : no local use (R1) 


 


 
Figure 7 : E3R1 hydraulic scheme 


 


The solar energy collected by the collectors could be 


either used for the preheating of the DHW with storage 


tanks or feeding in in the district heating. There is a local 


storage of solar energy. 


This solution needs three heat exchangers and DHW 


storage tanks. 


 


2.8 Configuration E3R2 


The use of solar energy for this configuration is: 


- DHW preheating : preheating with a DHW 


storage tank (E3) 


- Feed in district heating : solar energy feed in the 


DH is used for preheating the DH return line 


(R2) 


 


 
Figure 8 : E3R2 hydraulic scheme 


 


The solar energy collected by collectors could either be 


used for the preheating of the DHW with storage tanks or 


feeding in the district heating. 


The energy feed in the district heating could be locally 


used through a heat exchanger between the district 


heating network and the building circuit. 


This solution needs three heat exchangers and DHW 


storage tanks. 
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2.9 Configuration E3R3 


The use of solar energy for this configuration is: 


- DHW preheating : preheating with a DHW 


storage tank (E3) 


- Feed in district heating : solar energy is used to 


preheat the return line of the DH after the 


solar/DH heat exchanger (R3) 


 


 
Figure 9 : E3R3 hydraulic scheme 


 


The solar energy collected by collectors could either be 


used for the preheating of the DHW with storage tanks or 


feeding in the district heating or used locally in the 


building circuit. 


This solution needs three heat exchangers and storage 


tanks. 


 


3. MODELS AND SIMULATION 


 


3.1 Environment of simulation 


This study was carried out using the dynamic simulation 


software TRNSYS 17. 


The buildings connected to the district heating are low 


consumption: 


- Space heating needs : 25 kWh/m² 


- Domestic hot water needs : 20 kWh/m² 


These buildings of 40 apartments were modelled with 


TRNSYS and an external file has been generated 


(Jezequel, 2012). These files are used as an input for the 


unit in order to simplify the simulation and focus on the 


hydraulic part. 


All the hydraulic installation has been modelled with 


TRNSYS. 


The weather station used is Chambery (France). 


 


3.2 Substation modelling 


In a first approach, the substation has been modelled 


with standard TRNSYS components (flow mixer, 


diverter…) and equations to be able to deal with the nine 


basic systems.  


Even if the current study focused on the scale of the 


substation, it should be further included in a complete 


district heating network with many substations. In order 


to anticipate the difficulties to extend to many substations 


in the same simulation, it has been decided to develop our 


own component which is able to simplify the hydraulic 


connections but also the control strategy of the various 


hydraulic loops. This component is thus the only one 


component between the DH network, the solar collector 


loop and the two different loops for heating and DHW 


preparation in the building. 


Additionally, within this new component referred as 


Type5004, heat exchangers have been modelled with heat 


transfer coefficients on the primary and secondary sides 


that are dependant of the mass flowrate. 


 


The others components used for this substation are the 


solar thermal collectors (Type 832), two DHW storage 


tank (Type 340), a thermostatic mixing valve (Type 


5915) and pipes (Type 31) for the solar collector loop and 


for the DHW loop. 


 


Table 1 : TRNSYS type used in the model 


 


TYPE DESCRIPTION LIBRARY 


31 Pipe duct TRNSYS 


832 Solar collector SERC 


340 Multiport storage tank TRANSSOLAR 


5915 Thermostatic mixing valve INES 


5004 Substation unit for 


decentralized solar system 


INES 


 


The Figure 10 represents an overview of the substation 


in TRNSYS. 


 


 
Figure 10 : Overview of the substation in TRNSYS 


 


To simplify the implementation of the substation in a 


future complete district heating system, all the previous 


components have been merged in a macro. 


 


4. RESULTS AND ANALYSIS 


Many simulations (more than 90) have been performed  


for the 9 types of substations with different district 


heating network return temperature, solar collector area 


and kind of solar collectors (low and high temperature). 


Two kinds of solar thermal collectors have been 


investigated:  


- Flat plate solar collector (LT) (η0=0.8 , a1=3,5 


W.m
-2


.K
-1


, a2=0.015 W.m
-2


.K
-2


) 
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- Double covered flat plate solar collector (HT) 


(η0=0.817 , a1=2,205 W.m
-2


.K
-1


, a2=0.0135 


W.m
-2


.K
-2


) 


The district heating return temperature is varying 


between 40 to 90°C. 


 


The performance of the installation is given by the solar 


collector productivity: 


        
         


           
 [kWh/m²] 


 


The temperature profile of the secondary circuit for the 


DHW production and space heating of the building is 


detailed on Figure 11 as a number of hours between each 


range of temperature. 


 


 
Figure 11: Hourly distribution of the flow and return 


temperature of the secondary circuit for DHW production 


and space heating of the building 


 


The same analysis is done in energy on the Figure 12. 


 


 
Figure 12 : Energy distribution of the flow and return 


temperature of the secondary circuit for DHW production 


and space heating of the building 


 


Two groups of temperature appears : one with quite 


high temperature (>60°C) which is for DHW production 


and another one (<40°C) for space heating. 


 


4.1 Influence of the district heating return temperature 


on the performance 


 


A first study has been performed for LT solar collector 


and an area of 180 m² (4.5m² of solar collector per 


apartment). 


 


Figure 13 illustrates the influence of the DH return line 


temperature for LT collectors and for various 


configurations for DHW preheating (R=1 no local use): it 


can be seen that the hydraulic layout has very little 


influence on the solar thermal productivity when the DH 


return line temperature is low (40°C). Hydraulic layout 


without local preheating of DHW (E1R1) is thus to be 


preferred since the investment cost, as well as the 


maintenance cost, is reduced. When the DH return line 


temperature increase, the solar productivity is decreasing, 


but the decrease rate is lower when there is some local 


use of solar energy. Having an increase of the 


temperature from 40 to 90°C results in 60% decrease of 


the solar productivity for E1R1 and is limited to 40% for 


E3R1. 


 


 
 


Figure 13 : Influence of the DH return line temperature 


on the productivity for LT collectors and for various 


configurations for DHW preheating (Ex) 


 


The influence of the DH network return temperature for 


various configurations of local use and no preheating of 


DHW (E=1) is illustrated on  


Figure 14. 


Regarding the local use of solar energy feed in the DH 


network, it has been shown that R2 configuration offers 


no improvement of the solar productivity with regard to 


R1 configuration. In both configuration (R1 and R2) it is 


the DH network that fixed the solar collector working 


temperature, so the productivity is the same. 


For R3 configuration, the improvement is not significant 


for low temperature (less than 1%), but has an impact 


with high temperature (27%). Once again, the most 


significant parameter is the DH return line temperature 


which is the key parameter regarding the choice of the 


hydraulic scheme at the substation level. 
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Figure 14 : Influence of the DH return line temperature 


on the productivity for LT collectors and for various 


configurations for local use (Rx) 


 


The difference of solar productivity between all the 


configurations is very small (less than 5%) for a district 


heating return temperature of 40°C (see Table 1) 


 


Table 1:Difference of solar collector productivity 


between the solution ExRx compared to E1R1 for a DH 


return temperature of 40°C  


 


DH return temp = 40°C 


Config R1 R2 R3 


E1 - 0% 1% 


E2 1% 1% 1% 


E3 5% 5% 6% 


 


When the return temperature of the district heating 


increase the difference between configurations appears. 


With a high return temperature it is better to have some 


local use. For a DH return temperature of 90°C, the 


configuration with DHW preheating with storage tank 


increase the productivity of 27% compared to the 


configuration E1R1. And the local use of energy with a 


heat exchanger connected between the solar circuit and 


the building (E3) circuit increase the solar productivity of 


77% compared to the configuration E1R1. 


 


 


Table 2 : Difference of solar collector productivity 


between the solution ExRx compared to E1R1 for 


different DH return temperature (50°C to 90°C) 


 


DH return temp = 50°C 


 


DH return temp = 60°C 


Config R1 R2 R3 


 


Config R1 R2 R3 


E1 - 0% 2% 


 


E1 - 0% 5% 


E2 2% 2% 3% 


 


E2 4% 4% 7% 


E3 11% 11% 11% 


 


E3 20% 20% 20% 


         


DH return temp = 70°C 


 


DH return temp = 80°C 


Config R1 R2 R3 


 


Config R1 R2 R3 


E1 - 0% 11% 


 


E1 - 0% 18% 


E2 8% 8% 12% 


 


E2 14% 14% 20% 


E3 33% 33% 34% 


 


E3 51% 51% 52% 


         DH return temp = 90°C 


     Config R1 R2 R3 


     E1 - 0% 27% 


     E2 24% 24% 31% 


     E3 77% 77% 79% 


      


The performances of all kind of configurations are 


affected by the DH return temperature but some 


configuration can limit them with a local use of energy at 


lower temperature. 


 


4.2 Influence of the solar collector area on the 


performance 


 


A complementary study has been done for various LT 


solar collector areas from 3 to 6 m² of solar collector per 


apartment (120 to 240 m²) and a district heating return 


temperature of 50°C. 


When the solar collector area increase the difference of 


the solar productivity between the configuration 


decreases. For 120m² of solar collector the difference of 


solar productivity between E1R1 and E3R1 is 15% and 


for 240 m² the difference is only 8%. 


 


 
Figure 15 : Influence of the solar collector area on the 


productivity for LT collectors, a DH return temperature 


of 50°C and for various configurations for DHW 


preheating (Ex) 


 


This means that for installation where solar collectors 


are oversized compared to local needs, the difference of 


productivity between configurations is limited. The 


difference may increase for higher DH return 


temperature. 
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Table 3 : Difference of solar collector productivity 


between the solution ExRx compared to E1R1 for 


different LT solar collector area and a DH return 


temperature of 50°C 


 
Solar collector area = 120 


m² 


 


Solar collector area = 180 


m² 


Config R1 R2 R3 


 


Config R1 R2 R3 


E1 - 0% 2% 


 


E1 - 0% 2% 


E2 3% 3% 5% 


 


E2 2% 2% 3% 


E3 15% 15% 15% 


 


E3 11% 11% 11% 


         Solar collector area = 240 


m² 


     Config R1 R2 R3 


     E1 - 0% 1% 


     E2 1% 1% 3% 


     E3 8% 8% 9% 


      


 


4.3 Influence of the type of solar collector on the 


performance 


 


As explained in the previous section the district heating 


return temperature has a real influence on the solar 


productivity for each configuration. 


More simulations have been performed with a double 


covered flat plate solar collector (HT) that has better 


performance at high temperature. 


 


  
Figure 16 : Influence of the DH return line temperature 


on the productivity for HT collectors 


 


When using HT collectors (Figure 16), the effect of an 


increase DH return line temperature is lower: from 48% 


reduction of the solar productivity (E1R1 layout) to 31% 


(E3R1). 


 


Table 4 : Difference of solar collector productivity 


between the solution ExR1 compared to E1R1 for 


different DH return temperature (40°C to 90°C) for LT 


solar collectors 


 


DH return 


temp 
40°C 50°C 60°C 70°C 80°C 90°C 


Config R1 R1 R1 R1 R1 R1 


E1 - - - - - - 


E2 1% 2% 4% 8% 14% 24% 


E3 5% 11% 20% 33% 51% 77% 


 


Table 5 : Difference of solar collector productivity 


between the solution ExR1 compared to E1R1 for 


different DH return temperature (40°C to 90°C) for HT 


solar collectors 


 


DH return 


temp 
40°C 50°C 60°C 70°C 80°C 90°C 


Config R1 R1 R1 R1 R1 R1 


E1 - - - - - - 


E2 0% 1% 2% 3% 6% 10% 


E3 3% 6% 10% 17% 25% 37% 


 


Using high temperature solar collectors limit the 


decrease of performance with the increase of the district 


heating network return temperature for all configurations. 


So the difference of solar productivity between 


configurations with HT solar collectors is lower than with 


LT solar collectors. 


 


5. CONCLUSIONS 


 


The detailed study on 9 configurations of substations for 


decentralized solar district heating system highlighted the 


influence of the return temperature of the network on the 


solar thermal efficiency for the choice of the substation. 


In all cases, it is important to promote a low operation 


temperature for the district heating. If this is not possible 


some configurations of substation can limit the 


performance degradations of solar systems. 


The use of high temperature solar collectors also limits 


the decrease of the performance with the increase of the 


DH network return temperature. It also reduces the 


difference of performance between the different 


configurations of substations. 


The operation and the choice of a typology of substation 


cannot be limited at the level of the substation but it is 


necessary to think across the complete network, 


especially if the share of solar energy in the network is 


large or the temperature of the district heating is highly 


variable. 


This study has been done for return to return feed in but 


could be completed with return to flow feed in in order to 


0


100


200


300


400


500


600


700


800


40 50 60 70 80 90


S
o


la
r 


P
ro


d
u


ct
iv


it
y


 [
k


W
h


/(
m


².
y


)]


Disctrict heating return temperature [ C]


E1R1 - 180m² HT E2R1 - 180m² HT E3R1 - 180m² HT







have a more complete view of substations for 


decentralised solar district heating systems. 


The final choice of the substations needs to take into 


account the energetic performance of the system but also 


the economic part. The studied substations are more or 


less complex with more or less components. It needs to 


be completed with an economic study in order to have the 


most efficient solar kWh. 


 


NOMENCLATURE 


 


Qsol,m² = Solar collector productivity [kWh/m²] 


Qsol,year = Annual solar production [MWh] 


Asolar = Total solar collector area [m²] 
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Abstract – Large-scale solar thermal systems have gained importance on the market in the last years. In 


this paper, we focus on the analysis of collector arrays in large systems, a key technical component. We 


identify two main problems: (1) There are currently no satisfactory methods for a simple and straightfor-


ward technical assessment and comparison of different hydraulic design options for large collector arrays. 


In response, we develop a key figure framework that allows concise characterization and comparison of 


different design options for collector fields. The characterization is based on a set of key figures that as-


sess the key technical phenomena and have a straightforward technical significance. (2) Secondly, we 


identify a gap in missing scientific input for computational engineering tools for solar thermal systems: 


The pressure losses of T-pieces, coupling absorber tubes with header tubes, are largely unknown under 


boundary conditions found in solar thermal systems. In response, we carried out an extensive experi-


mental study measuring the ζ values of T-pieces under realistic Reynolds numbers, different pipe cross-


section ratios and protrusion depths of the absorber tube into the header tube. While a detailed discussion 


of the results is out of scope of this paper, we give a brief overview of the pressure loss measurements. 


Summing up, the main target of our work is the contribution to increased planning certainty, allowing 


minimized solar energy cost and trouble-free operation of large solar thermal plants. 


 


 


1. INTRODUCTION 


 


Large-scale solar thermal systems offer significant po-


tentials in terms of energy yield and are gaining im-


portance on the market, as solar energy cost in some 


cases is on the same level with conventionally generated 


heat (Dalenbäck, 2010). 


Over the last years, there have been numerous contribu-


tions from both the scientific community and realized 


large-scale systems which have raised the level of 


knowledge in the area. Technical guidelines for large-


scale systems have been released (VDI, 2004) and several 


R&D reports and text books summarize the state of 


knowledge (Peuser et al., 2001; Remmers, 2001; Peuser 


et al., 2009; SDH, 2012). 


 


One of the key tasks in planning large solar thermal 


plants is the hydraulic design of the collector array. The 


authors believe that, for what concerns large collector 


arrays, the above mentioned technical literature does not 


provide sufficient detailed information, as some technical 


aspects essential for large systems have not been an-


swered satisfactorily or were not taken into consideration 


at all.  


What are the main spaces for improvement we identify? 


a) There are currently no satisfactory methods for a 


simple and straightforward technical characteriza-


tion, assessment and comparison of different hydrau-


lic design options for large collector arrays. As a 


consequence, reliable technical statements about the 


limits of hydraulic design in collector arrays are quite 


unsafe. For instance, section 2 of this paper we ask 


what degree of uneven flow distribution is acceptable 


in large collector arrays. This question is hard to an-


swer based on currently available knowledge.  


b) To our knowledge, there is presently a lack of easy to 


use and well-proven computational engineering 


tools, specialized on the boundary conditions of solar 


thermal systems. These tools should be able to accu-


rately simulate the behavior of large collector arrays, 


based on detailed physical models. Different levels 


of detail of large collector fields (absorber, collector, 


collector row level, and entire array) must be mod-


eled, and the hydraulic and thermal models must be 


coupled. One key issue is the poor validation by sys-


tematic experimental measurements. 


c) To some extent, the scientific basis for the validation 


of computational tools as described in b) is missing. 


One important, but not yet satisfactorily validated re-


sult is the hydraulic performance: Flow distribution 


between parallel components is a key for good col-


lector array design – see section 3 for details. Now, 


one main unknown for hydraulic calculations are the 


T-pieces which are found in solar collectors, cou-


pling small absorber tubes with the larger header 


tubes. Surprisingly, although several comprehensive 


studies about the behavior of T-pieces are available 


(for instance: Idelchik, 2008; Miller, 2008; VDI, 


2006; Wagner, 1997), none of them covers the 


boundary conditions typically found in solar thermal 


installations. The main differences are:  


1. Data in the mentioned sources are valid for 


        , fully turbulent flow. Typical 


Reynolds numbers in solar thermal plants, how-


ever, are much lower. 


2. There are considerable differences between the 


pressure loss values reported in the mentioned 


literature sources, but a proper explanation of 


the deviations is missing. 







3. The pressure loss values are only valid for ideal-


ized T-piece geometries: either sharp or defined-


radius junctions are assumed. Investigations 


(Ohnewein, 2012) have shown that, due to the 


employed manufacturing processes of solar col-


lectors, T-pieces often have absorber pipes pro-


truding into the header pipes (non-idealized ge-


ometry).  


The contributions of (Weitbrecht, 2002) and (Badar, 


2011) are relevant to solar collectors. Weitbrecht 


does provide results of experimental measurements, 


these, however, are limited to the laminar regime and 


assume an idealized geometry, with no change in 


depth of penetration. Badar, in his PhD thesis, deals 


with Reynolds numbers typical for solar thermal col-


lectors, as well as absorber tubes that protrude into 


the collector pipes. His work contains no experimen-


tal results, but focuses on CFD simulations alone. 


Since the CFD model uncertainty is very difficult to 


handle in the transient region between laminar and 


turbulent flow (typical for solar thermal systems), a 


validation with experimental data is indispensable.  


 


How are the described problems tackled in our work?  


As to problem a), the characterization of design options 


for large collector arrays, the first objective of our work is 


to generate a set of well-founded key figures. These key 


figures provide concise information, offering comprehen-


sive characterization and straightforward comparison of 


different design options. The intention is to provide a 


quick overview of the key technical phenomena that 


characterize different hydraulic layouts, allowing direct 


comparisons of different concepts for collector array 


layouts. Several key figures are relevant for solar energy 


cost considerations. All the presented key figures may be 


computed theoretically at design time and thus improve 


the detailed engineering of collector arrays. 


Our objective is not primarily to develop optimal collec-


tor arrays, but to create the technical-scientific basis that 


allows reliable comparisons of different design options. 


We would also like to stress that we are not in favor of 


any particular collector array design or collector type. 


Rather, our aim is to present a concept that is open and 


applicable to various collector array designs.  


 


As to problem b), a computational tool for solar thermal 


plants developed and used by the authors (AEE INTEC, 


1995-2013) shall be validated based on systematic com-


parisons with targeted experimental measurements. The 


main features of the computational tool include: 


 ability to theoretically calculate collector efficiencies 


on a very detailed level 


 static simulation of collector arrays based on an 


accurate hydraulic-thermally coupled model 


 easy extendibility allowing the calculation of new 


results such as the key figures of section 3.1  


However, a solution to problem b) requires an answer to 


problem c): Understanding the behavior of T-pieces is 


crucial in order to model important physical phenomena 


in solar collectors, most notably the pressure loss and 


flow distribution between absorber pipes. Due to the 


scarce literature information, we determined the required 


pressure loss values in a series of experimental measure-


ments, covering a wide range of operating conditions 


relevant for solar thermal systems. Based on the meas-


urement results, a systematic validation of the tool will 


follow, but this is out of the scope of the present paper. 


The validation is important as it allows quick, yet reliable 


and accurate, detailed engineering work on collectors and 


collector arrays, without having to resort to expensive 


methods like CFD or FEM.  


 


The structure of this paper is organized as follows: Sec-


tion 2 elaborates on selected technical aspects of the 


design of large collector arrays and has more details 


about the missing pressure loss values for T-pieces. In 


section 3, we start with detailed definitions of the men-


tioned key figures for characterization of collector arrays. 


Next, we define two example collector arrays and com-


pare them based on the set of newly-defined key figures. 


In section 4, we focus on the pressure loss measurements 


of T-pieces and present a few selected results. We close 


the paper with a review of the findings and some thoughts 


on the next steps in our work.  


 


 


2. PROBLEM AND OBJECTIVES 


 


While the nature of our work is technical, the ultimate 


purpose is more market-oriented: minimizing the lev-


elized solar energy cost while maximizing operational 


reliability and safety over a plants’ lifetime. This means 


that both investment and ongoing costs (maintenance and 


running cost such as pump electricity) are relevant, but 


there is also a clear focus on energy yields and technical 


safety of collector arrays. The overall target is to provide 


a basis for the development of collector array designs that 


fulfill these conditions, with the aim of leveraging large 


solar thermal systems.   


This is the basis for the work presented in section 3. 


Other aspects of system layout (such as the integration 


into other processes, heat exchanger design etc.) are be-


yond the scope of the work presented in this paper.  


 


Independently from collector type used, large collector 


arrays always need to have some components such as 


absorber tubes or collector rows connected in parallel. 


Now, one principal technical problem is the fact that 


parallel hydraulic connections of system components 


always lead to a more or less uneven flow distribution 


between the components (Bajura and Jones, 1976; Jones 


and Lior, 1994; Wang and Wu, 1990). Inhomogeneous 


flow distribution is the starting point of a series of tech-


nical phenomena limiting the maximum collector areas 


that may be connected (see section 3 for a detailed dis-


cussion). Both U- or Z-layouts
 
(see (Duffie and Beckman, 







2006) for a definition of these terms) are affected, yet to 


different degrees. In practice, a certain degree of flow 


inequality can be tolerated. (VDI, 2004) includes the 


recommendation that the mass flows of all collectors in 


an array should not differ by more than ±10%. While the 


source gives no explanation as to the choice of this value, 


we believe that the value is too restrictive; section 3 has 


more details about this.  


 


The second objective of our work is to complement 


missing technical information needed for validating simu-


lations with experimental data. The main missing tech-


nical input consists in the pressure loss behavior of T-


pieces. We have conducted a series of experiments in 


order to find out these pressure loss values (see section 


4). The experiments aim at gaining detailed new insight 


into minor pressure losses of T-pieces under boundary 


conditions typically found in solar thermal installations. 


The mathematical evaluation of the 5-dimensional char-


acteristics of T-pieces data and its full integration into the 


computational tool is ongoing work.  


 


3. CHARACTERISTIC KEY FIGURES 


 


3.1 Definition of the characteristic key figures 


The objective that we pursue in the development of the 


characteristic key figures has been described in the intro-


duction to this paper. In the following, the current state of 


the key figures development is described in detail.   


 


Stagnation distance [K] 


Uneven flow distribution in solar collector arrays results 


in uneven temperature distribution. Absorber pipes with 


the smallest mass flows reach the highest temperatures. In 


extreme cases, the local boiling temperature of the heat 


transfer fluid is exceeded and partial stagnation occurs, an 


effect that must be avoided. 


The ‘minimum stagnation distance’ is defined as the 


temperature difference between the local boiling tempera-


ture and the hottest of all absorber tube flow tempera-


tures, taking into account the entire collector array. In 


contrast, the ‘average stagnation distance’ refers to the 


average flow temperature of the entire collector array. 


The comparison between the minimum and the average 


stagnation distance provides a straightforward way to 


assess the risk for partial stagnation to occur at some spot 


of the collector array.  


One has to keep in mind that there is not one threshold 


value that the minimum stagnation distance should not 


fall below. Rather, relatively small stagnation distances 


may occur in normal plant operation, depending on sys-


tem design, the choice of heat transfer medium, system 


pressure and operating conditions.  


From the point of view of collector array design, as a 


rule one can conclude: large collector arrays, inhomoge-


neous flow distribution, small operating pressure and 


high flow temperatures all lower the minimum stagnation 


distance.  


In case the flow temperatures are elevated, also the ratio 


of minimum to average stagnation distance, expressed in 


percent, is significant. In any case, small values are an 


indication of increased risk for partial stagnation. 


 


Maximum flow velocity [m/s] 


While it is not easy to set a specific threshold value for 


the flow velocity in a solar collector array, very high flow 


velocities are not permissible as they elevate the risk for 


erosion corrosion which could damage the pipe walls or 


eventually destroy them. Hence, high flow velocities have 


to be avoided by increasing pipe diameters or by chang-


ing the array layout. The key figure presented here is 


defined as the maximum flow velocity in all collector 


array pipes (all connecting pipes, absorber pipes and 


header pipes in collectors), regardless of the used pipe 


material.  


 


Absorber tube Reynolds numbers [#] 


For the same design conditions, different absorber tube 


Reynolds number can be attained based on the tempera-


ture levels, heat transfer fluid, solar collector design and 


the chosen solar array layout (hydraulic lengths). Higher 


absorber Reynolds numbers imply improved heat transfer 


in the absorber and thus increase the thermal efficiency of 


the system. Since flow conditions vary significantly with-


in a collector array, this key figure is defined as the range 


of minimum and maximum absorber Reynolds numbers, 


taking into account all absorber tubes of the array. 


 


Specific metal mass of field piping [kgsteel/m²ap] 


Different solar array layout options require a different 


extent of pipe work, both in terms of pipe length and pipe 


diameters. Minimizing the piping effort is one way to 


reduce the solar energy cost. In order to encompass dif-


ferent design options into one value, this key figure in-


cludes the metal mass of all collector array pipes (outside 


the collectors) in relation to the overall aperture area of 


all collectors in the array. Steel is assumed since it is 


most commonly used as piping material.  


 


Piping network length [cm/m²ap] 


The total network length of the collector piping is an-


other measure for the overall piping effort of a collector 


array. For the definition of this key figure, the total net-


work length (as opposed to the total piping length) is set 


in relation to the overall aperture area of the collector 


array. This key figure differs from the previous one, the 


metal mass, in that it does not focus on the piping itself, 


but on the effort that has to be made in order to place the 


piping of the collector array. This is especially important 


in case the collector field pipework is laid underground: 


In this case, the piping network length is a measure of the 


effort needed for the excavation works.  


 


Specific copper mass in solar collector [kgCu/m²ap] 


Depending on the chosen collector array design, in-


creasing the header pipes in the inside of solar collectors 







presents a way to obtain more homogeneous flow distri-


bution and decrease pressure losses. This, however, is at 


the expense of the solar collector price which is strongly 


affected by the amount of metal used for the collector-


internal piping. This key figure sums up the weight of all 


copper pipes in the collector, relative to the collector 


aperture area. We chose copper since it is widely used as 


piping material and it is expensive. The absorber plate, 


often made of aluminum, is not taken into account.  


 


Thermal capacity of the collector array [kJ/m²ap·K] 


Capacitive energy losses occur in a solar plant due to 


the overall thermal capacity of the collector field which 


needs to be heated from ambient to operating temperature 


levels at least once per operating day. In other words, the 


absolute heat capacity of all collectors, the collector field 


piping and the heat transfer fluid is characteristic for the 


start-up losses of a solar thermal field. Pipe lengths and 


dimensions, the heat capacity of the collectors and the 


employed heat transfer fluid must be known (see section 


3.2 for an example). At present, the heat insulation of the 


collector field piping is neglected, and no distinction is 


made between pipes exposed to air or to terrain. The key 


figure is expressed relative to the total array aperture 


area.  


 


Total collector array pressure loss [bar] 


This key figure is defined as the total pressure loss of 


the collector array alone, at specific operating conditions. 


It comprises friction and minor pressure losses in the 


collector array, including the connecting pipes, main 


supply and return pipes and any hydraulic elements in-


stalled in the collector array (e.g. control valves). Hydrau-


lic elements typical of the technical cabinet (e.g. heat 


exchanger, non-return valve etc.) are not taken into ac-


count, because they are hardly affected by the collector 


array design.  


The significance of this key figure is associated with 


safety aspects. While there is not a specific maximum 


allowable value for the total pressure loss of the collector 


array, the pressure loss is limited by safety-related tech-


nical reasons such as: actual operating and maximum 


permissible pressure in the solar collector, stagnation 


distance (see above), pump pressure head, pump NPSH 


(Net Positive Suction Head), filling pressure of the ex-


pansion vessel, and last but not least dimensioning of the 


safety valve. Depending on the collector array layout, 


very large systems might reach a limit range. 


  


Ratio of hydraulic to thermal power [Whyd / kWth] 


Considering merely the absolute pressure loss of a col-


lector array is not sufficient for comparing different lay-


out options or for giving an estimation of the expected 


operating cost due to pump electricity. The effort of the 


pump (in terms of hydraulic power) in order to generate a 


defined solar thermal power output, at specific operating 


conditions, is a better measure of the operating cost.  


 


Efficiency loss due to uneven flow distribution [%] 


Uneven temperature distribution between the solar col-


lectors leads to a decrease in the overall thermal efficien-


cy of an array. This is due to the fact that collector effi-


ciency curves decay stronger than linear: Due to this, the 


efficiency decrease of collectors operated at higher tem-


peratures (smaller collector flow rates) is stronger than 


the increase that can be gained at lower temperatures 


(higher collector flow rates).  


For this key figure, the theoretical thermal efficiency of 


a collector array with perfectly even flow distribution – 


but otherwise identical to the real one – is calculated. The 


key figure is defined as the ratio between the overall 


thermal efficiency of the array with the real (more or less 


uneven) flow distribution to the theoretical idealized 


thermal efficiency.  


 


Overall emptying behavior [in words] 


In terms of operating safety, stagnation presents a seri-


ous risk, especially for large collector arrays with effi-


cient collectors and high power outputs. Collectors and 


collector connections behaving well in case of stagnation 


are one key for handling this risk, although strategies 


exist for handling stagnation or overheating. For this key 


figure, the emptying behavior of a collector and collector 


array is assessed in qualitative way.  


 


3.2 Reference collector arrays: Definition 


The choice of good collector array designs depends en-


tirely on the employed collector type. The two tasks – 


choosing a good collector and finding a good array design 


– cannot be thought independently. In this section, two 


reference collector arrays are presented: The two are 


based on different collector types, and each has a total 


gross collector area of 4800 m². See figure 1 and table 1 


for details about the collectors. For details about the ref-


erence collector arrays and the operating conditions used 


in the calculations, see figure 2.  


One of the reference collectors is a harp type, the other 


one is a meander type. In the harp reference array, 16 


harp collectors are connected in series to form one collec-


tor row; 20 such rows are connected in parallel. In the 


meander array, two groups of collectors are connected in 


series to form one row. In each group, 16 collectors are 


connected in parallel by internal manifolding. It is possi-


ble to do so because the meander reference collector has 


4 header pipe connections. In both reference collector 


arrays, the rows have relatively high pressure losses com-


pared with the pressure losses in the connecting pipes. 


This so-called high authority of the rows is the true rea-


son for the good hydraulic behavior in terms of flow 


distribution. The high absorber pipe pressure losses need-


ed for high absorber authority within a group is achieved 


by a smaller absorber pipe diameter compared to the harp 


collectors (7.2mm vs. 9.2mm); at the same time, the 


header pipe dimension is larger compared to the harp 


collectors (39mm vs. 32mm).  







The work presented in this section is not limited to these 


collector types and could be applied to different choices 


of collectors and collector arrays. Also, the authors would 


like to emphasize that they do not give preference to any 


specific collector design, be it flat-plate collectors or not. 


Rather, the aim is to obtain a comparison and technical 


assessment of different concepts. While both reference 


collector types are suitable for large plants, they are mere 


designs dummies that were developed solely for the 


scope of the present work; they are not intended for pro-


duction and have been intentionally chosen in order to 


avoid overlaps with collectors available on the market as 


far as possible. 


 


3.3 Reference collector arrays: Results and Discussion 


We performed a detailed analysis of the reference col-


lector arrays and calculated the key figures presented in 


section 3.1, using the computational toolset mentioned in 


the Introduction of this paper (AEE INTEC, 1995-2013). 


See table 1 for an overview on the assumed operating 


conditions in the calculations. 


Both reference arrays presented in section 3.2 behave 


quite well in technical terms; see table 2 for a compre-


hensive overview of the results. The flow distribution is 


satisfactory without the need for using control valves. 


This results in good values for the ‘stagnation distance’ 


key figures: the minimum stagnation distance is quite 


high for both reference arrays (41.0 K for the harp, 


41.5 K for the meander array) and is close to the average 


stagnation distance (44.4 K for both arrays). Consequent-


ly, the ratios of minimum to average stagnation distance 


are reasonably high (92.3% for the harp array, 93.6% for 


the meander array). This means that both collector arrays 


have low risk for partial stagnation.  


Another evidence of the low partial stagnation risk be-


comes evident in the key figure ‘efficiency loss due to 


uneven flow distribution’: both collector arrays have very 


low values (0.03% for the harp, 0.04% for the meander 


array), meaning that the overall efficiency of the two 


reference collector arrays is barely affected by the degree 


of uneven temperature distribution.  


A ‘total flow inhomogeneity’ or ‘total flow skewness’ 


may be defined as the ratio between maximum and mini-


mum absorber mass flows, referring to all absorber pipes 


in the entire collector array. This measure has not been 


defined as a key figure in section 3.1 since it has no 


straightforward technical interpretation as opposed to the 


other key figures, which meet this requirement. The flow 


skewness factor, however, is well suited as a figure for 


relative comparison between the two reference arrays: 


The flow skewness value is 1.43 for the harp array and 


1.75 for the meander array. These values are significantly 


           


Figure 1: Harp and meander collectors used in the reference collector arrays 


     


Figure 2: General layout of the two reference collector arrays with a gross collector area of 4800 m² each.  


The collector array using the harp collector is on the left, the meander array on the right. Overall size, row distance 


and piping configuration including some of the gradually reduced pipe diameters are shown. 







higher than the threshold value of 1.22 proposed in (VDI, 


2004), nevertheless both reference arrays show satisfacto-


ry technical behavior.  


 


Although the total collector areas and the specific mass 


flows are identical for both reference collector fields and 


the thermal performances are very similar, the Reynolds 


numbers in the absorber pipes do not match. This differ-


ence is a consequence of the chosen collector types and 


collector array designs. The minimum (maximum) ab-


sorber Re numbers are 3451 (8812) for the harp array and 


2839 (7169) for the meander array. As explained in sec-


tion 3.1, this results in higher collector efficiency due to 


improved heat transfer in the absorber tube. The differ-


ence in Reynolds numbers is the main explanation for the 


slightly higher thermal power output, higher resulting 


flow temperature and higher overall thermal efficiency of 


the harp array compared to the meander array.  


The maximum flow velocities in the collector fields, 


however, are not in the absorber pipes, but in the connect-


ing pipes. Both reference arrays reach high flow veloci-


ties (1.69 m/s for the harp, 1.71 m/s for the meander ar-


ray), but these values might be acceptable – see also the 


statement in the definition of the key figure ‘maximum 


flow velocity’ in section 3.1.  


The total pressure loss of the reference collector fields is 


easy to handle (1.94 bar for the harp, 1.78 bar for the 


meander array) and do not cause any safety-related prob-


lems. These values are interesting if viewed together with 


the key figure ‘ratio of hydraulic to thermal power’, tell-


ing us that the harp array needs more pump electricity 


than the meander array in order to harvest the same solar 


thermal power. This is expressed by the number of 


1.37 Whyd of hydraulic power needed to get 1 kWth ther-


mal power for the harp array, while this number drops to 


1.27 Whyd/kWth for the meander array, a reduction by 7%.  


 


The two reference collectors have different internal pip-


ing dimensions (see figure 1). As a result, the specific 


copper mass of the meander collector is much higher 


(2.10 kg/m²ap) than in the harp collector (1.37 kg/m²ap), 


resulting in additional cost in terms of a more expensive 


collector, at least for what concerns the material cost. On 


the other hand, the hydraulic layout of the meander col-


lector array allows shorter pipe lengths for the connecting 


pipe work, as the main supply pipe of the harp array (ap-


prox. 100 m long, see figure 2) is not necessary. In num-


bers, this fact becomes clear from the key figure ‘specific 


metal mass of field piping’, with a value of 


0.89 kgsteel/m²ap for the harp array, but only 


0.53 kgsteel/m²ap for the meander array.  


Another difference between the piping of the two refer-


ence collector arrays is the piping network: For the harp 


array, the supply and return connecting pipes are on op-


‘Classic’ calculation results harp collector array meander collector array 


    Collector area: gross, aperture 4800 m²gr, 4492 m²ap 4800 m²gr, 4492 m²ap 


    Thermal power output: absolute, specific 2769 kW, 617 W/m²ap 2763 kW, 615 W/m²ap 


    Resulting flow temperature 86.3°C 86.2°C 


    Absorber temperatures (flow side): max, min 89.6°C, 84.2°C 89.0°C, 82.8°C 


    Overall thermal efficiency 62.2% 62.0% 


    Total flow skewness factor 1.43 1.75 


   


Results of the key figures of section 3.1  harp collector array meander collector array 


    Stagnation distance: minimum, average, min/avg. 41.0 K, 44.4 K, 92.3% 41.5 K, 44.4 K, 93.6% 


    Maximum flow velocity 1.69 m/s 1.71 m/s 


    Absorber tube Reynolds numbers: min, max 3451, 8812 2839, 7169 


    Specific metal mass of field piping 0.89 kgsteel/m²ap 0.53 kgsteel/m²ap 


    Piping network length  ~6.7 cm/m²ap ~2.2 cm/m²ap 


    Specific copper mass in solar collector 1.37 kgCu/m²ap 2.10 kgCu/m²ap 


    Thermal capacity of the collector array 12.1 kJ/m²ap·K 10.2 kJ/m²ap·K 


    Ratio of hydraulic to thermal power 1.37 Whyd/kWth 1.27 Whyd/kWth 


    Total pressure loss  1.94 bar 1.78 bar 


    Efficiency loss due to uneven flow distribution 0.03% 0.04% 


    Overall emptying behavior bad good 


Table 2: ‘Classic’ calculation results and results of the key figures defined in section 3.1.  


The results are presented for both reference collector fields defined in section 3.2. 


Reference collectors 


  gross collector area 15 m² 


  aperture collector area 14.04 m² 


  efficiency values (η0 / c1 / c2) 0.8 / 3.14 / 0.009 


  absolute thermal capacity (harp coll.) 128 kJ/K 


  absolute thermal capacity (meander coll.) 119 kJ/K 


  


Reference collector arrays and operating conditions 


  specific mass flow 16 kg/m²abs·h 


  collector tilt angle 45° 


  supply (inflow) temperature 50°C 


  ambient temperature 20°C 


  global radiation in collector plane 1000 W/m² 


  heat transfer medium propylene glycol 


  glycol concentration 40% v/v 


  absolute fluid pressure in collector 2.5 bar 


  boiling point of heat transfer fluid 130.6°C 


Table 1: Details of the reference collectors, the collector 


arrays  and the assumed operating conditions  







posite sides, and one long supply pipe is needed, even if 


the array is connected in U, not in Z, shape (see figure 2). 


This results in a high value for the key figure ‘piping 


network length’ (6.7 cm/m²ap). The meander array not 


only gets rid of the main supply pipe, it also allows one 


central pipe channel bearing both the supply and the 


return pipes, so possibly only one trench needs to be 


excavated. This results in a much smaller piping network 


length (2.2 cm/m²ap).  


 


Finally, a look at the thermal capacities of the two refer-


ence collector arrays reveals that both are thermally quite 


heavy. The reference collectors defined within the scope 


of this paper have absolute thermal capacities of 128 kJ/K 


(harp collector) and 119 kJ/K (meander collector). To-


gether with the heavier piping for the harp array, the key 


figure ‘thermal capacity of the collector array’ is as high 


as 12.1 kJ/m²ap·K for the harp array, while for the mean-


der array it sums up to 10.2 kJ/m²ap·K, including all col-


lector array piping. The meaning of these values becomes 


clear from a brief example calculation: Let us assume that 


the collector arrays need be heated up by 65 K in order to 


reach the average operation temperature; the capacitive 


energy losses then come to 0.22 kWh/m²ap for the harp 


array and 0.18 kWh/m²ap for the meander array. If we 


suppose a maximum specific daily energy yield of 


3.3 kWh/m²ap, then the absolute capacitive energy losses 


would eat up as much as 6.6% (harp array) and 5.6% 


(meander array) of the energy yield. It becomes clear 


from this example that thermally lighter-weight collectors 


have the strong advantage of lower capacitive energy 


losses.  


 


In case the authority of the collector rows compared to 


the connecting pipes is not high enough, flow distribution 


will deteriorate, leading to the detrimental effects de-


scribed in section 3.1. If the row authority is not in-


creased (for instance, by using larger pipe diameters for 


the connecting pipes), another option is to use control 


valves. To our opinion, however, the use of control 


valves should be avoided as far as possible: It represents 


no acceptable solution for large-scale solar thermal sys-


tems as it is contradictory to the minimization of the 


levelized solar energy cost, the main target as stated in 


section 2 of this paper. Employing control valves and 


other accessories such as air bleeders in the collector 


array has several cost-relevant disadvantages: higher 


initial cost (additional investment), increased installation 


time (for the necessary mass flow balancing) and higher 


ongoing cost (high error rates). Therefore, the authors of 


this paper are in favor of achieving well-balanced flow 


distributions by appropriate choice of pipe diameters, as 


far as this is possible.  


 


4. T-PIECES PRESSURE LOSS MEASUREMENTS 


 


As explained in sections 1 and 2, the objective of the 


experimental measurements of T-pieces is to determine 


their pressure loss behavior. We carried out the measure-


ments in our own laboratory. While a description of the 


experimental setup is beyond the scope of this paper, we 


are going to present selected results. In total, over 10,000 


single measurements are available, but this work is still 


ongoing. The experiments aim at determining the pres-


sure loss coefficient    based on the minor pressure loss.  


                                        (1) 


  
       


    
  ⁄


 (2) 


We varied several influencing variables, covering a 


wide range of operating conditions relevant for solar 


thermal systems:  


1) Reynolds numbers range from deeply laminar flow 


(Re≈250) via the laminar-turbulent transition region 


up to fully turbulent flow (Re≈20,000). 


2) real-world geometries, that is: absorber pipes pro-


truding into the header pipes, a parameter which has 


been widely disregarded thus far. We attained vary-


ing penetration depths by employing a special, ad-


justable specimen able to reproduce penetration 


depths between +9mm and -3mm (equivalent to a 


perfectly rounded junction).  


3) different area ratios (cross section of absorber to 


header pipe). We examined 8x0.4mm absorber pipes 


in combination with header pipes of dimensions 


42x1.5mm, 28x1mm, 22x0.8mm and 18x0.7mm 


4) different volume flow ratios between side and com-


mon volume flows (see figures 3) 


All measurements were performed under nearly iso-


therm conditions (fluid = ambient temperature) in order 


to minimize measurement error. Water was used as a test 


fluid. We examined both dividing and combining flows. 


Our measurement results show that, as expected,   values 


for solar collectors are generally higher than predicted by 


classical models (see figure 3). Another result is that in 


general, the penetration depth strongly affects the   val-


ues.  


 


Figure 3: Characteristic curves of pressure loss coeffi-


cients    for dividing flow in a T-piece with a 22mm header 


pipe at Re=2500. The branching flow coefficients    are 


shown (yellowish diamonds); lighter color means higher 


penetration depth. The empty blue symbols are the results 


of two classic models (Idelchik, 2008) and (Miller, 2008). 







5. CONCLUSIONS 


 


Our key figure framework offers a novel approach to 


the characterization and design of large solar collector 


arrays. Based on accurate calculations of the relevant 


physical phenomena, this framework is a tool for an ob-


jective comparison of different collector array design 


options. The comparison is based on a set of clearly de-


fined key figures that are computable at design time and 


have a straightforward technical significance. They influ-


ence the resulting solar energy cost by looking either at 


the investment cost (e.g. effort for collector field piping), 


the energy output (e.g. capacitive energy losses), the need 


for control valves (e.g. flow distribution), the ongoing 


cost (e.g. pump power) or safety issues (e.g. stagnation 


distance).  


Our extensive pressure loss measurements of T-pieces 


coupling absorber and header pipes in solar collectors add 


information that cannot be found in standard literature to 


the physical model used in our computational tool. This 


allows new ways to simulate solar collectors and collec-


tor arrays in an accurate and technically reliable way. The 


continuation of the measurements, their mathematical 


evaluation and modeling and full integration into the 


computational tool is ongoing work. Eventually, our 


results will allow drawing conclusions about allowable 


production tolerances and the influence of actual produc-


tion technologies on the hydraulic behavior of solar col-


lectors and collector arrays. 


 


In subsequent steps, we want to include more collector 


array design options in our analysis. In this regard, we 


would be happy to receive inputs from engineers dealing 


with the topic. One of the next steps in our work aims at a 


thorough validation of the computational tool (AEE 


INTEC, 1995-2013). The validation is based on different 


hydraulic levels; among others, we will include meas-


urement data from two large-scale solar plants.  


Altogether, we consider our work as a contribution to 


increased planning certainty and to lower-cost, high qual-


ity and trouble-free operation of large solar plants.  


 


REFERENCES 


 


AEE INTEC (1995-2013) Computational toolset for 


solar thermal collectors and collector arrays. AEE – 


Institute for Sustainable Technologies (AEE INTEC), 


Gleisdorf, Austria. (The tool is proprietary to AEE 


INTEC and not publicly available)  


Badar A.W., Buchholz R., Lou Y., Ziegler F. (2011) 


CFD Based Analysis of Flow Distribution in a Coaxial 


Vacuum Tube Solar Collector with Laminar Flow Con-


ditions. Institut für Energietechnik, KT 2, FG Maschi-


nen- und Energieanlagentechnik, Technische Universi-


tät Berlin.  


Bajura R.A. and Jones E.H. (1976) Flow Distribution 


Manifolds. Journal of Fluids Engineering, Vol. 98, No. 


4, pp. 654-664. 


Dalenbäck J.-O. (2010) Success Factors in Solar District 


Heating. Deliverable 2.1 of the project ‘SDHtake-off – 


Solar District Heating in Europe’ (available in pdf for-


mat at www.solar-district-heating.eu). 


Duffie J.A. and Beckman W.A. (2006) Solar Engineering 


of Thermal Processes, 3rd edn. Wiley Interscience, 


New York. 


Idelchik I.E. (2008) Handbook of Hydraulic Resistance, 


4th revised and augmented edn. Begell House Inc., 


Redding, USA. 


Jones G.F. and Lior N. (1994) Flow Distribution In Mani-


folded Solar Collectors With Negligible Buoyancy Ef-


fects. Solar Energy, Vol. 52, No. 3, pp. 289-300. 


Miller D.S. (2008) Internal Flow Systems, 2nd edn. Mil-


ler Innovations, Bedford, UK. 


Ohnewein Ph., Preiß D., Hausner R. and Fink Ch. (2012) 


Hydraulikdesign in solarthermischen Großanlagen. 


Proceedings of the OTTI symposium on thermal solar 


energy, 9-12 May, Bad Staffelstein, Germany.  


Peuser F.A., Croy R., Mies M., Rehrmann U. and Wirth 


H.P. (2009) Solarthermie-2000, Teilprogramm 2 und 


Solarthermie2000plus - Wissenschaftlich-technische 


Programmbegleitung und Messprogramm (Phase 3). 


ZfS – Rationelle Energietechnik GmbH, Hilden. 


(available at www.tu-chemnitz.de, in German only) 


Peuser F.A., Remmers K.-H. and Schnauss M. (2001) 


Langzeiterfahrung Solarthermie, Wegweiser für das er-


folgreiche Planen und Bauen von Solaranlagen. Solar-


praxis AG, Berlin. (in German) 


Remmers K.-H. (2001) Große Solaranlagen – Einstieg in 


Planung und Praxis. Solarpraxis AG, Berlin. (in Ger-


man) 


SDH – Solar District Heating (2012) Solar district heat-


ing guidelines. Deliverables 3.1 and 3.2 of the project 


‘SDHtake-off – Solar District Heating in Europe’ 


(available in pdf format at www.solar-district-


heating.eu). 


VDI – Verein Deutscher Ingenieure (2006) VDI-


Wärmeatlas, Zehnte, bearbeitete und erweiterte Aufla-


ge. Springer Verlag, Berlin Heidelberg. (in German) 


VDI – Verein Deutscher Ingenieure (2004). VDI 6002 


Solar heating for domestic water – General principles, 


system technology and use in residential building. 


Beuth Verlag, Berlin. 


Wagner W. (1997) Strömung und Druckverlust, 4. Aufla-


ge. Vogel Verlag, Würzburg. (in German) 


Wang X.A. and Wu L.G. (1990) Analysis and Perfor-


mance of Flat-Plate Solar Collector Arrays. Solar En-


ergy, Vol. 45, No. 2, pp. 71-78. 


Weitbrecht V., Lehmann D., Richter A. (2002): Flow 


Distribution in Solar Collectors with Laminar Flow 


Conditions. Solar Energy, Vol. 73, No. 6, 433-441. 


 
Acknowledgements – 


This project is supported by the Austrian 


Climate and Energy Fund and is carried out 


as part of the "Energy of the Future" pro-


gram under contract number FFG 829854.  
 








LARGE-SCALE THERMAL ENERGY STORAGE - 
STATUS QUO AND PERSPECTIVES 


 
Thomas Schmidt and Dirk Mangold 


Solites - Steinbeis Research Institute for Solar and Sustainable Thermal Energy Systems,  
Meitnerstr. 8, 70563 Stuttgart, Germany, Phone: +49-711 6732000-0, Email: info@solites.de 


 
Abstract – Large scale thermal energy storages have initially been developed to extend the solar fraction 
in district heating systems with solar heat production. However, today also the storage of surplus heat 
from waste incineration, power production or industrial processes or a combination of various heat 
sources is an attractive application. Four different concepts for seasonal and large-scale thermal energy 
storage have been developed during the last 20 years in Europe. These are tank, pit, borehole and aquifer 
thermal energy storages. In the last years they were mainly demonstrated in Germany and Denmark. The 
decision for a specific storage concept on the one hand depends on system requirements like temperature 
requirements or necessary capacity rates etc. and on the other hand on local prerequisites, e.g. the hydro-
geological situation in the underground of the respective construction site. Above all an economical 
assessment of possible storage concepts, configurations and sizes with respect to the costs per stored 
energy unit allows the choice of the best storage technology for a specific project. 
 


 
1. INTRODUCTION 
 


The technology of large scale seasonal thermal energy 
storage (STES) has been investigated in Europe since the 
middle of the 1970’s. First demonstration plants were 
realized in Sweden in 1978/79 based on results of a 
national research program. Thanks to an international 
collaboration via the International Energy Agency (IEA) 
(IEA SHC Task 7) seasonal thermal energy storages 
found their way through a part of Europe: Denmark, the 
Netherlands, Switzerland, Italy, Greece and Germany. 
While most of these countries stopped their research 
programs for seasonal thermal energy storage, Germany 
and Denmark continued the development. Several 
technologies for seasonal thermal energy storage have 
been improved and demonstrated within these programs. 
In Germany all developed basic storage concepts were 
demonstrated in a number of pilot plants. In Denmark 
mainly the pit storage concept was developed. 


Outside Europe the interest for STES started with the 
realisation of the “Drake Landing” pilot plant in Okotoks, 
Canada in 2006. The IEA in its Heating and Cooling 
Roadmap (IEA, 2011) and the District Heating and 
Cooling Technology Platform in its strategic research 
agenda (DHC+ Technology Platform, Strategic research 
agenda) include thermal energy storages (TES) as central 
components in energy efficient systems in the future. 


 
Large-scale TES can have different roles in energy 


supply systems. The major ones are  


• Buffer storage for short term storage and / or peak 
shifting 


• Long-term / seasonal storage of e.g. solar thermal or 
surplus heat 


• Energy management of multiple heat producers like 
e.g. CHP, solar thermal, heat pumps, industrial 
surplus heat etc. 


This publication focuses on sensible heat storages and 
applications with a solar thermal component. According 
to the IEA (International Energy Agency) latent (using 
phase changing materials) and thermal-chemical storage 
materials are today not economically suitable to store 
heat in long-term (IEA, 2011), see also table 1. 
 
2. GENERAL ASPECTS 
 


Most of the common storages accumulate thermal 
energy as sensible heat in a volume of water. In general 
this water is heated up to temperatures below 100 °C. 
While storing thermal energy the storage itself loses part 
of the stored energy by heat losses through the surface. 
The thermal losses are mainly influenced by the surface-
to-volume ratio of the storage volume and the quality of 
the installed insulation material. 


The surface-to-volume ratio of the storage defines the 
total surface area which is directly proportional 
influencing the thermal losses. As small storages have 
higher surface-to-volume ratios than larger storages the 
latter have outstanding advantages compared to small 
storage volumes. E.g. a small storage with a volume of 
20 m³ has a surface-to-volume ratio that is eight times 
than the ratio of a storage with 10,000 m³. Hence the heat 
losses referred to the stored energy are eight times higher 
for the small storage compared to the large one. 


The thermal quality of the insulation material is at first 
defined by its thermal conductivity. In practical 
application the realistic thermal conductivity values at 
high temperatures and with the influence of a certain 
humidification as well as other effects like thermal 
bridges etc. are however often leading to big differences 
between theoretical assumptions and measured values. 


The energy efficiency of a storage device is further 
strongly influenced by the so-called number of storage 
cycles. This is an indicator for how often the storage is 







charged and discharged in a certain time period and for 
the energy turnover. 
 
3. STORAGE CONCEPTS 
 


Four storage concepts came into main focus for the 
ongoing engineering research on large-scale TES, see 
Fig. 1. Each storage concept has different capabilities 
with respect to storage capacity, storage efficiency, 
possible capacity rates for charging and discharging, 
requirements on local ground conditions and on system 
boundary conditions (e.g. temperature levels) etc. The 
best solution for a specific project has always to be found 
by a technical-economical assessment of the possible 
storage concepts. 


For the construction of ground buried thermal energy 
storages there are no standard procedures regarding wall 


construction, charging device, etc. available. Aquifer 
thermal energy storages (ATES) and borehole thermal 
energy storages (BTES) normally require permissions 
from water authorities for heat storage application. For 
tank thermal energy storages (TTES) and pit thermal 
energy storages (PTES) a clarification with the authorities 
is recommended. 


Due to the size and geometry and also due to the 
requirements in terms of leakage detection and lifetime 
most techniques and materials have their origin in landfill 
construction. However, with respect to high operation 
temperature materials and techniques cannot be simply 
transferred. 


Dimensions of pilot and research large-scale TES that 
have been realized within the last 25 years for solar 
assisted district heating systems range from several 
100 m³ up to 75,000 m³ (see also Fig. 8). 


 
Fig. 1: Main concepts for seasonal thermal energy storage 


Table 1: Energy capacities, power, efficiency and storage time of thermal energy storage technologies (IEA, 2011) 
(TES: thermal energy storage, ATES: aquifer thermal energy storage, BTES: borehole thermal energy storage, PCM: 
phase change material) 


TES technology Capacity [kWh/t] Power [kW] Efficiency [%] Storage time  Cost [€/kWh] 
Hot water tank 20-80 1-10 000 50-90 day-year 0.08-0.1 
Chilled water tank 10-20 1-2 000 70-90 hour-week 0.08-0.2 
ATES low temp.  5-10 500-10 000 50-90 day-year varies 
BTES low temp.  5-30 100-5 000 50-90 day-year varies 
PCM-general 50-150 1-1 000 75-90 hour-week 10-53 
Ice storage tank 100 100-1 000 80-90 hour-week 4.7-15.6 
Thermal-chemical 120-150 10-1 000 75-100 hour-day 7.8-40.6 


 







2.2 Tank thermal energy storage 
Tank thermal energy storages have a structure made of 


concrete, steel or fibre reinforced plastics (sandwich 
elements). Concrete tanks are built utilizing in-situ 
concrete or prefabricated concrete elements. An 
additional liner (polymer, stainless steel) is normally 
mounted on the inside surface of the tank to ensure water- 
and vapour-diffusion-tightness of the construction. The 
insulation is mounted on the outside of the tank. 


Large-scale steel-tanks mounted above ground are state 
of the art. Because of the high investment cost they are in 
general only used as buffer tanks with small and medium-
sized volumes. 


In Crailsheim, Germany a 100 m³ buffer storage was 
built using prefabricated concrete (sewage pipe) elements 
and a stainless steel liner. A second 480 m³ in-situ 
concrete storage serves as a buffer for a 38,000 m³ BTES. 
Both tanks can be operated at temperatures up to 108 °C 
as they are operated with a pressure level of three bars. 


Fig. 2 shows the pilot TTES with 5,700 m³ of water 
volume in Munich, Germany. The storage bottom is made 
of in-situ concrete on top of a foam glass gravel layer for 
insulation. The walls and the roof are made of pre-
fabricated concrete elements. The elements were 
assembled and pre-stressed by steel cables. They are 
insulated from the outside with expanded glass granules 
in a membrane formwork. The insulation thickness is 
30 cm at the bottom and rises up to 70 cm on the roof. 
Inside a stainless steel liner is mounted to protect the heat 
insulation from water vapour diffusion. To improve the 
thermal stratification a stratification device is installed 
inside the storage volume.  


 
Fig. 2: TTES built from prefabricated concrete elements 
in Munich, 5700 m³, Germany, 2007 


 
The storage is charged by 3000 m² of solar collectors. 


The system delivers heat to 300 apartments. According to 
previsions solar energy will cover 47% of the heating 
demand, the rest will be covered by district heat. 


 


2.3 Pit thermal energy storage 
Pit thermal energy storages are built without static 


constructions by means of mounting insulation and a liner 
in an excavation pit. The design of the lid depends on the 
storage medium and geometry. In the case of gravel- or 
soil / sand-water as storage medium the lid may be 
constructed identical to the walls. The lid construction of 
a water-filled PTES requires major effort and is the most 
expensive part of the thermal energy storage. 
Temperatures in the storage are normally limited by the 
liner material to 80 – 90 °C. 


By definition, pit thermal energy storages are entirely 
buried. In large PTES the soil dug from the ground is 
used to create banks which make the storage somewhat 
higher than the ground level. The lid can be only 
equipped with a membrane for rain and UV protection. 


In Denmark a number of large water-filled PTES are 
realised. The largest one is in Marstal and has a storage 
volume of 75,000 m³ (Schmidt et.al., 2011), see Fig. 3. 


 
Fig. 3: Excavation pit with liner for the 75,000 m³ PTES 
in Marstal, Denmark, 2012 (source: Marstal Fjernvarme, 
Denmark) 


 
2.4 Borehole thermal energy storage 


In a Borehole thermal energy storage the underground is 
used as storage material. There is no exactly separated 
storage volume. Suitable geological formations are rock 
or water-saturated soils without natural groundwater 
flow. Heat is charged or discharged by vertical borehole 
heat exchangers (BHE) which are installed into boreholes 
with a depth of typically 30 to 100 m below ground 
surface. BHEs can be single- or double-U-pipes or 
concentric pipes mostly made of synthetic materials, see 
Fig. 4. 


BTES do not have a vertical but a horizontal 
temperature stratification from the centre to the 
boundaries. This is because the heat transfer is driven by 
heat conduction and not by convection. At the boundaries 
there is a temperature decrease as a result of the heat 
losses to the surrounding ground. The horizontal 
stratification in the ground is supported by connecting the 
supply pipes in the centre of the storage and the return 
pipes at the boundaries. A certain number of BHEs are 
hydraulically connected in series to a row and certain 
rows are connected in parallel. During charging the flow 







direction is from the centre to the boundaries of the 
storage to obtain high temperatures in the centre and 
lower ones at the boundaries of the storage. During 
discharging the flow direction is reversed. 


 
Fig. 4: Common types and vertical section of borehole 
heat exchangers 


 
At the top surface of the storage an insulation layer 


reduces heat losses to the ambient. Side walls and bottom 
are not insulated because of inaccessibility. 


One of the advantages of this storage concept is the 
expandability. By adding additional BHEs next to the 
existing ones the affected ground storage volume can be 
increased easily. The connection of the new BHEs to the 
existing one should however consider the horizontal 
stratification as described above. 


Fig. 5 shows the drilling and insulation works for the 
BTES in Crailsheim, Germany with a ground volume of 
38,000 m³. 


 
Fig. 5: Drilling and insulation works for the 38,000 m³ 
BTES in Crailsheim, Germany 


 
2.5 Aquifer thermal energy storage 


Aquifers are below-ground widely distributed and water 
filled permeable sand, gravel, sandstone or limestone 
layers with high hydraulic conductivity. If there are 
impervious layers above and below and no or only little 
natural groundwater flow, they can be used for aquifer 
thermal energy storage. In this case, two wells (or groups 
of wells) are drilled into the aquifer layer and serve for 


extraction and injection of groundwater. During charging 
periods cold groundwater is extracted from the cold well, 
heated up by the heat source and injected into the warm 
well. In discharging-periods the flow direction is 
reversed: warm water is extracted from the warm well, 
cooled down by the heat sink and injected into the cold 
well. Because of the different flow directions both wells 
are equipped with pumps, production- and injection 
pipes, see Fig. 6. 


The storage volume of an ATES cannot be thermally 
insulated against the surroundings. Thus heat storage at 
higher temperatures (above 50 °C) is normally only 
efficient for large storage volumes of approximately more 
than 20,000 m³ with a favourable surface to volume ratio. 
For low temperature or cooling applications also smaller 
storages can be feasible. 


ATES require very specific geological and hydro-
geological ground conditions that have to be determined 
by test drillings and a hydro-geological investigation in 
an early project state. If heat storage at high temperatures 
is foreseen a water treatment during storage operation can 
become necessary as chemical and biological processes 
can lead to deposition, corrosion and degradation in the 
system if the groundwater composition is unfavourable. 


 
Fig. 6: Layout of a well for charging and discharging. 
(Source: Geothermie Neubrandenburg GmbH, Germany) 


 
4. SYSTEM INTEGRATION 


 
Essential for an efficient operation of a storage system 


is its proper integration into the conventional heating 
system and a careful design of the storage system as well 
as of all other components for the heat supply: district 
heating (DH) network, heat transfer substations and 
building installations. 


The operational conditions are different for each 
system: the operation temperatures, the quality of 
stratification and the return flow temperature of the 
heating network do influence the efficiency of a thermal 
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energy storage. However, those parameters do not depend 
only on the storage but to a large extend on the thermal 
energy system. So an exact prediction of the whole 
system characteristics is needed. A good estimation of the 
load characteristics is one of the most important design 
prerequisites. The temperature levels (average, minimum 
and maximum operation temperatures of the storage) and 
the necessary volume flows must be predicted, along with 
the DH network return temperatures, as they have a key 
role for the performances of the storage: basically the DH 
return temperature defines the lowest temperature level to 
which a storage can be discharged. Together with the 
maximum charging temperature, that is normally below 
the boiling point for non-pressurized storages, this 
defines the maximum temperature difference or the 
usable thermal capacity of a storage device.  


The charging and discharging systems have to be 
designed according to the requirements of the system. 
Charging and discharging can be done directly (by water 
exchange) or indirectly (by heat exchangers). 


For some storage concepts additional components like 
short-term buffer tanks and / or heat pumps can be 
economically reasonable supplements. 


 
5. APPLICATIONS FOR LARGE-SCALE TES 


 
Traditionally the large-scale (seasonal) TES devices 


have been realised in connection to solar district heating 
systems. Here large solar collector areas delivered heat 
into the STES mainly during summertime. In the heating 
season the heat was discharged and delivered to a heat 
distribution network. If the storage was discharged or the 
temperature level was too low to cover the heat load an 
auxiliary heater assisted and covered the remaining heat 


load.  
An improvement was the introduction of heat pumps 


into the storage systems. This enabled an extended usage 
of the TES device by increasing the usable temperature 
difference and made the storage system more robust 
against high return temperatures from the district heating 
networks – a serious problem in some of the earlier plants 
without a heat pump. 


Another improvement of the system integration is a 
multi-functionality of the TES device. This concept offers 
the storage of heat to more than one heat source and 
improves by this both the usability and the economical 
feasibility of the TES. In a pilot project in Hamburg, 
Germany an STES is used during summer and autumn to 
store solar heat whereas in winter and early spring it 
offers (buffer) storage capacity to a waste incineration 
plant. The stored surplus heat is used to cover peak heat 
demands in the district heating network and replaces heat 
from peak oil boilers (Schmidt and Mangold, 2010). 


A further extension of an integrated TES system is the 
so-called smart district heating concept that has been 
implemented in a couple of Danish district heating 
systems recently. This concept can provide a district 
heating utility with up to 100 % renewable energy. Fig. 7 
shows the concept using the example of the plant in 
Marstal, Denmark (SUNSTORE 4, 2010). In the summer 
period the heat demand is produced by the solar thermal 
plant. Surplus heat is stored into the pit heat storage. In 
the winter period the heat pump produces heat in periods 
with low electricity prices and uses the storage as heat 
source. The CHP plant produces heat in periods with high 
electricity prices. The Smart District Heating concept 
makes it possible to sell regulation services to the 
electricity market. 


 
Fig. 7: Smart district heating system in Marstal, Denmark (SUNSTORE 4, 2010) 







6. COST 
 
Construction cost of the four storage concepts vary 


significantly. Fig. 8 presents the investment cost data of 
realised large-scale TES pilot and demonstration plants. 
For comparing different storage concepts and storage 
materials the specific storage costs are related to the 
water equivalent storage volume. The listed storages are 
operated at maximum storage temperatures between 
50 °C and 95 °C and are integrated into solar district 
heating plants with seasonal storage. 


The graph illustrates the cost decrease with increasing 
storage volumes. Appropriate sizes for seasonal heat 
storages are above 2000 m³ water equivalent. Here the 
investment costs vary between 40 and 250 €/m³. 
Generally, TTES are the more expensive ones. On the 
other hand, they offer advantages concerning the 
thermodynamical behaviour and they can be built almost 
everywhere. The lowest costs can be reached with ATES 
and BTES. However, they often need additional 
equipment for operation like e.g. buffer storages or water 
treatment and they have the highest requirements on the 
local ground conditions.  


The economy of a storage system depends not only on 
the storage costs, but also on the thermal performance of 
the storage and the connected system. Hence each system 
has to be evaluated separately. To determine the economy 
of a storage system, the investment, maintenance and 
operational costs have to be related to its thermal 
performance. 


7. DESIGN GUIDELINES 
 
For the choice of a suitable storage concept for a 


specific plant all relevant boundary conditions have to be 
taken into account: local (hydro-) geological situation, 
system integration, required size of the storage, 
temperature levels, power rates, no. of storage cycles per 
year, legal restrictions etc. Finally, decisions should be 
based on an economic optimisation of the different 
possibilities. 


For all concepts a geological investigation has to be 
made in the pre-design phase. The highest requirements 
with respect to this are made by ATES and BTES. The 
legal requirements have to be checked in the pre-design 
phase as well. In most countries the usage of the ground 
for heat storage has to be approved by the local water 
authorities to make sure that no water protection areas are 
affected. This can also become necessary if the ground 
surrounding a storage tank or pit is heated up by heat 
losses. 


After start of operation ground buried and underground 
TES have, depending on the storage concept, start-up 
times between two to five years before they reach regular 
operating conditions. Within this time the surrounding 
ground is heated up and thermal losses of the storage are 
higher than in regular operation. 


One crucial point in all storage applications are return 
temperature levels from the heat distribution systems. In 
systems without a heat pump the return temperature 
defines the lowest temperature level in a system – and by 


 
Fig. 8: Specific investment cost for large-scale thermal energy storages (including design, without VAT) 







this the lowest usable temperature level for discharging 
the storage. In many installations measured return 
temperatures are much higher than design values. This 
results in a strongly reduced heat capacity and a reduced 
performance of the connected heat storage. 


 
8. CONCLUSIONS 


 
In the last years an increasing interest in large-scale 


thermal energy storage systems could be observed. 
Within the European project SUNSTORE 4 the central 
solar heating plant in Marstal, Denmark was extended to 
33,000 m² of solar collector area together with the 
construction of a new seasonal pit heat storage with a 
water volume of 75 000 m³ (SUNSTORE4, 2010). In 
Braedstrup, Denmark a multi-functional BTES was 
realised within a smart district heating network in 2011. 
In a first step 48 boreholes with a depth of 45 m were 
drilled that affect a ground volume of 17,000 m³, in the 
final stage the BTES will comprise 480 boreholes and 
affect a ground volume of 170,000 m³ (Braedstrup, 2011 
and Schmidt et.al., 2011). In Canada the first seasonal 
solar thermal energy storage was built in 2006 in the 
residential area Drake Landing Solar Community in 
Okotoks as BTES (www.dlsc.ca). 


While the development of storage technologies is going 
on, also the system integration is in focus of R&D. In the 
largest German pilot plant in Crailsheim a newly 
developed heat pump for increased operation 
temperatures was integrated into the storage system to 
increase the overall storage system performance. Within 
the next years the multi-functionality of underground 
thermal energy storage will get in close focus of R&D. 
This concerns besides the storage technologies especially 
the system integration of the storage. The storage systems 
will be used for overall system optimization of combined 
heat and power production plants, biomass energy 
conversion, etc. and solar thermal usage. This increases 
the usability of the storage systems as they are not only 
charged once during summertime and discharged during 
wintertime but can also be charged with e.g. cogeneration 
heat and be used for e.g. peak load management which 


increases the economy of the storage and of the whole 
system. 
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Abstract – This paper describes the design, implementation and preliminary measurement results of two 


recently implemented seasonal heat storages. The 19 000 m
3
 (soil) borehole thermal energy storage in 


Braedstrup and the 75 000 m
3
 pit heat storage in Marstal. 


 


 


1. INTRODUCTION 


 


Seasonal heat storages are seen as an important 


technology for implementing a higher fraction of 


renewable energy in the Danish energy system. The 


borehole thermal energy storage in Braedstrup – which is 


a pilot storage – is an opportunity to explore this 


technology on a scale that can give basis for a further 


expansion of the particular storage in Braedstrup and at 


other district heating plants to full scale. Therefore the 


experiences from designing, implementing and operating 


the storage are important. 


The pit heat storage in Marstal is a full scale storage and 


therefore a forerunner in the context of storing solar 


energy to an extent that makes it possible for a Danish 


district heating plant to produce app. 50% of the yearly 


heat demand from solar energy. The experiences from the 


pit heat storage in Marstal will give important knowledge 


for implementing further pit heat storages in Denmark. 


 


2. BOREHOLE THERMAL ENERGY STORAGE 


(BTES) IN BRAEDSTRUP 


 


2.1 Overall system in Braedstrup 


The district heating plant in Braedstrup consists of the 


following main components: 


 


18 600 m
2
 solar collectors (10 600 m


2
 new) 


19 000 m
3 
BTES (5 000 m


3
 water equivalent) (new) 


5 500 m
3
 (new) + 2 000 m


3 
steel tank 


1.2 MWth electrical heat pump (new) 


10 MW electrical boiler (new) 


Natural gas fired CHP 


 


The BTES, the 5 500 m
3
 steel tank, the electrical boiler, 


the heat pump and 10 600 m
2
 of the solar collectors was 


put in operation in May 2012 as a part of the project 


“Boreholes in Braedstrup”, which is supported by 


Energinet.dk and EUDP. The BTES is meant as a pilot 


storage to give experience for an eventual extension of 


the BTES and the collector area to aim for higher solar 


fraction in the district heating system. 


2.2 Design of the Braedstrup BTES 


The BTES consist of 48 boreholes with an individual 


distance of 3 m and a layout as shown in Fig. 1. The 


distance of 3 m was the minimum safe distance for 


drilling. The optimum distance between the boreholes for 


a triangular pattern was found from an economical 


optimization to be 2.99 m. 


 


 
Fig. 1: Layout of the BTES in Braedstrup. Top view 


and cross sectional view. 


 


From an economical and heat loss point of view the 


boreholes should be as deep as possible without entering 


the level of potential flowing ground water. The ground 


water level at the storage location is more than 50 m 


below the surface, and the depths of the boreholes are 


45 m to keep a safe distance to the expected ground water 


level.  







Each borehole is equipped with a double U-pipe, and 6 


boreholes are connected in series in a string from the 


center of the storage towards the periphery resulting in a 


total of 16 parallel flow strings. The U-pipes consist of 


DN32 PEX pipes with built in oxygen barrier. The 


pressure drop in the storage is calculated to app. 2.0 bar at 


a dimensioning flow of 25 m
3
/h.  


When charging the storage hot water is circulated 


through the strings from the center towards the periphery 


to give some level of temperature stratification of the 


storage with the hottest part in the center. At discharging 


cold water is circulated in the opposite direction through 


the strings from the periphery towards the center. The 


cold water is supplied from the 2 000 m
3
 steel tank which 


is cooled by the heat pump when electricity prizes are 


low. 


To reduce the heat loss from the storage the top of the 


storage is designed as an insulated cover. The cover will 


be exposed to high temperature (80°C) and humidity, 


which has to be taken into account in the cover design. 


The result of the cover design is shown in Fig. 2. 


 


 
Fig. 2: Section view of a part of the cover indicating 


the layers of the construction and the location of the 


sensors in the cover. Underneath the cover is shown a 


borehole (left) and a temperature probe (right). 


 


Seashells are chosen for insulation of the cover after a 


number of tests. Seashells have the following 5 


advantages: 


- Resistant to heat and humidity 


- Reasonable lambda value of app. 0.11 to 0.12 W/(mK) 


- High weight carrying capacity 


- Draining effect 


- Low cost 


The thickness of the insulation was found by an 


economical optimization, and to avoid excessive 


convection in the insulation it was calculated and tested 


that a separating layer is needed. The result is as shown 


on Fig. 2 two layers of 250 mm seashells divided by a 


semi permeable foil. On top of the insulation the cover 


consist of layers of geotextile, semi permeable roof foil, 


drainage mat and filter gravel. The function of these 


layers are to keep the storage dry from rainwater and at 


the same time let vapor from the storage pass through the 


cover. The top layer consists of 500 mm top soil with 


grass to blend in with the surroundings. The cover is 


designed to be capable of placing solar collectors on top 


of the storage. 


2.3 Implementation of the Braedstrup BTES 


After some tests and geotechnical investigations the 


construction work was started in early June 2011 by 


preparing the surface for drilling by scraping off the 


upper 50 cm of soil and marking up the location of each 


borehole (see Fig. 3). 


 


 
Fig. 3: Preparation for borehole drilling. The top soil 


is removed and the positions of the boreholes are 


being marked up. 


 


After preparation of the surface the boreholes were 


established during a period of 14 weeks. This was 9 


weeks more than planned. The delay was primarily 


because an unexpected hard layer of soil was reached in 


approximately one quarter of the storage. The hard soil 


caused break down of the drilling equipment and it was 


necessary to change to another type of drill. Placement of 


the ground tubes and backfilling with grouting was done 


immediately after drilling off each hole as an integrated 


process. The drilling work was finished with the 5 deeper 


holes for the temperature probes. In Fig. 4 drilling of one 


of the first holes is taking place.  


 


 
Fig. 4: Drilling of boreholes. The grey pipes lying on 


the ground are the U-pipes for the boreholes. 


 







After completion of the drilling the connection well was 


placed in the middle of the storage. The individual pipes 


were connected to each other in strings of 6 boreholes 


and each string tested for leaks by pressurized water and 


connected to the manifolds in the connection well (see 


Fig. 5) 


 


 
Fig. 5: Pipe connections to the manifolds inside the 


connection well. The PEX pipes are entering through 


the side walls of the well and connected to the 


manifolds. The transmission pipe to the storage is seen 


entering the well through the back wall. 


 


After the pipe connection and connection of the 


temperature probes to a control panel in the connection 


well the insulated cover of the storage was build up layer 


by layer. The laying out of seashells is seen in Fig. 6. The 


pipe connection and the construction of the cover were 


done in a period of 7 weeks from beginning of October. 


 


 
Fig. 6: Establishment of the upper insulating layer 


(seashells). The upper part of the connection well is 


seen in the middle of the storage. 
 


The first months of 2012 was used for mounting and 


connecting the new solar field in Braedstrup and 


programming the control algorithms for the complete 


system. The control system was ready for charging of the 


storage on the 22
nd


 of May 2012 where the first charging 


took place. In this period the short term storage capacity 


(steel tanks) where full and a surplus of solar heat was 


experienced. 


 


2.4 Implementation cost of the BTES in Braedstrup 


The BTES in Braedstrup was implemented for a total cost 


of 240 000 € which corresponds to 13 €/m
3
 storage. The 


costs in € were distributed as: 


 


Drillings incl. grouting 145 000 


Pipes 25 000 


Pipes and fittings in cover 5 000 


Connection well 25 000 


Cover 40 000 


 


2.5 Preliminary measuring results 


The storage has been in operation from end of May 


2012. In the period from 22
nd


 of May 2012 to 3
rd


 of 


October 2012 the storage was running in “charging 


mode”. In charging mode heat is transferred to the 


storage when the heat content of the steel tanks exceeds a 


predefined value. From 3
rd


 of October to 16
th


 of October 


the storage was left undisturbed and the 16
th


 of October 


discharging was started.  


Measurements of the complete system and the overall 


energy balance will be thoroughly investigated by Solites 


as a part of the project “Boreholes in Braedstrup”. This 


will therefore not be dealt with here. As the storage by 


the date of writing this paper has not yet been running for 


a complete season and the operation has been influenced 


by some start-up challenges the results presented here 


shall be seen as very preliminary results. 


The evaluation of the storage is based primarily on 


temperature measurements of the soil in the storage, the 


heat flow to and from the storage during charging and 


discharging and flux measurements in the cover. The 


horizontal location and numbering of the temperature and 


flux sensors are shown in Fig. 1 and Fig. 7. The vertical 


distribution of the temperature sensors are shown in Fig. 


8. 
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Fig. 7: Numbering of the individual temperature 


probes and fluxsensors. The horizontal distances from 


center to each probe are: NDE501: 9.4 m, NDE502: 


9.0 m, NDE503: 7.8 m, NDE504: 20 m, NDE505: 


2.6 m. 
 







 


 
Fig. 8: Vertical distribution of temperature sensors. 


NDE503 CT023 and NDE505 CT023 are flux sensors. 


The rest are temperature sensors. 0 m refers to the 


level just below the insulated cover. 
 


Temperature profiles for selected temperature sensors in 


and outside the storage for the period 22
nd


 of May to 27
th


 


of November are shown in Fig. 9 to Fig. 11. As expected 


the temperature increases during charging and the 


temperatures from NDE505 (Fig. 11), which is closer to 


the center of the storage is generally higher than the 


temperatures from NDE501 which corresponds to the 


expected stratification. NDE 504 is placed outside the 


storage and shows a limited temperature increase.  


Some fluctuations are seen for the uppermost 


temperature sensors. This can be explained by the fact 


that some of them could be close to pipes connecting the 


boreholes and the connecting well. 
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Fig. 9: Temperature profile of NDE501 (close to 


periphery of storage) during the initial operation of 


the BTES from 22
nd


 of May to 27
th


 of November. 
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Fig. 10: Temperature profile of NDE504 (outside 


storage) during the initial operation of the BTES from 


22
nd


 of May to 27
th


 of November. 
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Fig. 11: Temperature profile of NDE505 (close to 


center of storage) during the initial operation of the 


BTES from 22
nd


 of May to 27
th


 of November. 
 


To get a brighter overview of the temperatures inside 


(and outside) the storage, the mean temperatures from 


CT008 to CT0015 (40 to 5 m depth) are calculated. These 


temperature profiles from 22
nd


 of May to 13
th


 of March 


2013 are shown in Fig. 12. 
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Fig. 12: Mean temperatures of the measuring points 


CT008 to CT0015 (40 to 5 m depth) during the period 


22
nd


 of May 2012 to 13
th


 of March 2013. Mean temp. 


storage is the mean value of the 4 temperature probes 


inside the storage as a measure for the mean 


temperature in the storage. 
 


As a measure of the stored heat content in the storage 


the mean value of the temperature sensors inside the 


storage between 40 and 5 m is used. This is done in Fig. 


13, where the heat content calculated from the mean 


temperature is shown together with the measured 


accumulated heat flow. The initial temperature of the 


storage of 8.1°C is used. The heat capacity of the storage 


is estimated by assuming that the initial development in 







accumulated heat flow and storage heat content should be 


the same because of negligible heat loss in the initial 


phase. The accumulated heat flow is measured by heat 


meters capable of measuring the heat flow in both 


directions between the storage and the plant.  


By this method the heat capacity of the storage is 


calculated to 37.8 GJ/K (10.5 MWh/K) which 


corresponds to approximately 9 200 m
3
 of water. This is 


remarkably higher than the expected value of 5 000 m
3
 


water equivalent and needs to be further investigated 


when more detailed measurements are available for at 


least a complete season. It should be noted that the 


method used here for estimating the heat capacity is 


subject to a high degree of uncertainty but other 


explanations could also apply to the high heat capacity 


like for instance a higher water content in the soil than 


expected. 
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Fig. 13: Heat content in the storage calculated from 


the mean temperature in the storage and the 


accumulated heat flow measured in the period from 


22
nd


 of May 2012 to 13
th


 of March 2013. 


 


From Fig. 13 it is seen that during the charging period 


app. 445 MWh is delivered to the storage and during the 


discharging period until 13
th


 of March 2013 app. 


195 MWh is recovered from the storage while the heat 


content in the storage is app. 80 MWh.  


The distance between the curves represents the heat loss 


from the storage. This means that on the 13
th


 of March 


2013 44% of the heat delivered to the storage is 


recovered and the remaining heat content in the storage is 


32% compared to the charged heat. In other words 24% 


of the heat is lost from the storage until 13
th


 of March. 


These figures can be seen in Fig. 14. 
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Fig. 14: Efficiencies of the storage measured in the 


period 22
nd


 of May 2012 to 13
th


 of March 2013. eta_in 


is the heat stored compared to the heat delivered to 


the storage. eta_out is the recovered heat compared to 


the heat delivered to the storage. 


The insulation capability of the seashells is calculated 


by the measurements of the flux sensors and temperature 


sensors in the cover. For the evaluation the period from 


13
th


 of February to 13
th


 of March 2013 is used. This 


period has a quite steady temperature difference across 


the insulation and therefore also quite steady flux 


measurements. The measured temperature difference and 


flux levels for the period can be seen in Fig. 15. The 


average temperature difference in the period is 11.8 K 


and the average heat flux is 3.52 W/m
2
. With an 


insulation thickness of 0.5 m the lambda value is 


calculated to 0.15 W/(mK) which is 25% more than 


expected. 
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Fig. 15: Measured temperature difference across the 


insulation and heat flux at NDE503 in the period from 


13
th


 of February to 13
th


 of March 2013. 


 


2.6 Comparison to other storages and simulation results 


Compared to other Borehole storages the Braedstrup 


BTES is from the preliminary measurement results 


estimated to perform very well. There are no storages 


exactly as the Braedstrup BTES, but here it will be 


compared to the Drake Landing Solar Community BTES. 


In Drake Landing the efficiency of the storage is 


measured to 6%, 20%, 35% and 54% for the first four 


seasons of operation (Sibbitt et al., 2011). In Braedstrup 


this efficiency is measured to be at least 44% in the first 


season of operation. The primary explanation of this 


difference is assumed to be the fact that the Braedstrup 


plant uses a heat pump for cooling the storage. This 


means that lower temperatures from the storage can be 


utilized. 


The Braedstrup BTES was before implementation 


simulated in a TRNSYS model with the following results 


for the first season (until 31
st
 of December): 


Charging: 564 MWh 


Heat loss: 148 MWh 


Discharging: 216 MWh 


Remaining storage heat content: 200 MWh 


Thus giving an efficiency of 38% and a loss of 26% 


This can be compared to Fig. 14 where the efficiency on 


the 31
st
 of December is app. 27% and the heat loss app. 


23%. The lower efficiency realized than in the simulation 


is partly due to a later start-up of discharging than in the 


simulations. 


  







3. PIT HEAT STORAGE IN MARSTAL 


 


3.1 Overall system in Marstal 


The district heating plant in Marstal consists of the 


following main components: 


 


33 365 m
2
 solar collectors (15 000 m


2
 new) 


75 000 m
3 
pit heat storage (new) 


10 000 m
3
 pit heat storage 


2 100 m
3 
steel tank 


4 MW biomass boiler with ORC unit (new) 


1.5 MWth electrical heat pump (new) 


Bio oil boilers 


 


The pit heat storage was put in operation in June 2012 


as a part of the project “SUNSTORE 4”, which is 


supported by EC 7
th


 framework. The project enables 


Marstal district heating plant to deliver heating to the 


consumers from 100% renewable energy sources 


wherefrom app. 50% is solar heat. 


 


3.2 Design of the Marstal pit heat storage 


The 75 000 m
3
 pit heat storage is designed as a further 


development of the 10 000 m
3
 “pilot” storage. The 


necessary size of the storage is calculated from a 


TRNSYS model of the overall system. 


The geometry of the storage is defined as a truncated 


pyramid upside down as shown in Fig. 16. The excavated 


soil from the lower part of the storage is used as an 


embankment around the storage. To ensure stability of 


the storage during excavation and long term stability 


geotechnical investigations of the local conditions was 


made. The geotechnical investigations pointed out that 


the inclination of the internal sides of the storage should 


not be steeper than 1 on 2 (27°). 


 
Fig. 16: Section view of the geometry of the pit heat 


storage. 
 


The storage is covered by an onsite welded HDPE liner 


to create a watertight lining of the storage. The liner is 


fastened by anchor trenches around the storage. An 


important issue regarding the liner is the long term 


stability when exposed to water at high temperature. The 


chosen liner has been tested for long term stability and 


from the test it is concluded that the lifetime will be at 


least 20 years when exposed to the conditions planned for 


the Marstal storage. 


On top of the storage the water is covered by a floating 


insulating cover. The surface covered is app. 10 000 m
2
. 


Different designs of the cover have been investigated as a 


part of the project, and the final design consists of (from 


bottom to top): 


 


- 2 mm HDPE liner on top of the water 


- Drainage net 


- 240 mm insulation (Nomalen) 


- Drainage net 


- 1 mm HDPE liner as top liner 


 


The intention of the drainage net is to allow ventilation 


between the insulation and the liner. This is necessary 


because of vapor diffusion through the liners. If the vapor 


is not removed there is a potential risk of condensate in 


the insulation that over time could damage the insulation. 


For the liner used the vapor diffusion has been calculated 


to app. 0.15 g/s for the complete surface which needs a 


ventilation of 36 m
3
/h by a temperature rise of 10°C. The 


base ventilation will be handled by 30 roof vacuum 


valves mounted along the edges of the cover and if 


necessary a blower can be installed to force a higher 


ventilation rate through the cover. 


The insulation is based on a cross bonded PE foam 


insulation. As for the liner the properties of the insulation 


regarding temperature and moisture stability is very 


critical. 


The surface of the cover is exposed to a large amount of 


water during heavy rainfalls. Different solutions to ensure 


an efficient way to handle the water have been 


investigated. There are two main principles: To let the 


rainwater float across the edges of the storage or to 


collect it in the middle. The final design is based on 


collecting the rain water in the middle of the cover. This 


means that the rain water has to be pumped away, but the 


advantage is that it is easier to avoid puddles of water on 


the cover and air traps below the cover. To help guiding 


the water in the right direction and to create tension in the 


liner several weight pipes are placed on top of the 


storage. The weight pipes consist of HDPE pipes filled 


with concrete. 


Charging and discharging of the storage is done through 


an in and outlet arrangement (see Fig. 17). There are 


three in/outlet pipes to the pit heat storage. The pipes are 


led to the storage through a welded steel arrangement 


(tower). The three pipes are led through nozzles in the 


bottom, the middle volume, and the top of the storage 


respectively. The in- and outlet pipes enters through the 


side of the storage.  


To ensure a waterproof sealing solution at the entry, the 


three pipes are welded to a common rectangular steel 


flange. The HDPE side liner is then clamped between the 


flange and a steel collar. A flexible and temperature proof 


sealing is placed between the liner and the flange to 


ensure a tight connection despite of temperature 


expansions and subtractions as well as creeping of the 


liner. The arrangement has two feet mounted flexible on 


the tower and orientated to allow temperature expansion 


of the in- and outlet pipes. Under the feet a soft polymer 


mattress is placed to protect the bottom liner. 


 







 
Fig. 17: Drawing view of the in and outlet 


arrangement placed in the storage [SUNMARK]. 


 


3.3 Implementation of the Marstal pit heat storage 


The excavation of the storage in Marstal was started in 


May 2011 after a period with dewatering of the soil in the 


storage area. The excavation was supposed to be finished 


and ready for liner work by the end of June 2011, for the 


storage to be filled with water and the cover completed in 


autumn 2011. The excavation was considerably delayed 


mainly due to a very wet period in June, July and August 


followed by an actual cloudburst in August (see Fig. 18 


and Fig. 19). Because of this the bottom liner work was 


delayed until November 2011. 


 


 
Fig. 18: Excavation of the storage. The in and outlet 


arrangement had to be placed before the excavation 


was finished. 
 


 
Fig. 19: The excavation on hold after heavy rain. 


 


The storage was filled with water during the winter, and 


the implementation of the cover was started end of April 


2012. In June 2012 the cover installation was progressed 


enough for the storage to be used which was necessary to 


run the new solar field. The last details of the cover 


(weight pipe installation etc.) were finished in September 


2012. 


 


3.4 Implementation cost of the pit heat storage in Marstal 


 


The pit heat storage in Marstal was implemented for a 


total cost of 2.4 M€ which corresponds to 32 €/m
3
 


storage. The costs in € were distributed as: 


 


Excavating etc. 793 000 


Liners 180 000 


Insulated cover 1 163 000 


In and outlet 172 000 


Consultants 70 000 


 


 


3.4 Preliminary measuring results 


The storage is equipped with temperature sensors in the 


water and in the surrounding soil. Some of the sensors are 


shown in Fig. 20. 


 


 
Fig. 20: Section view of the storage showing some of 


the sensors in and outside the storage. 


 


Measurements of the complete system and the overall 


energy balance will be thoroughly investigated by Solites 


as a part of the project “SUNSTORE 4”. This will 


therefore not be dealt with here, and the results presented 


here should be seen as very preliminary results. 







Fig. 21 shows the charging and discharging of the 


storage. In the period until 1
st
 of December 2012 almost 


only charging takes place while the period from 1
st
 of 


December 2012 until 1
st
 of March 2013 is dominated by 


discharging. App. 9 500 GJ (2 640 MWh) is delivered to 


the storage until the 1
st
 of December and from 1


st
 of 


December 2012 to 1
st
 of February 2013 app. 1 700 GJ 


(472 MWh) is recovered from the storage. This 


corresponds to 18% of the delivered heat to the storage. 
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Fig. 21: Accumulated heat flow to the storage in the 


period 1
st
 of April 2012 to 1


st
 of March 2013. 


 


Because of a failure in the control system temperature 


and flux measurements from the storage are only 


available from 8
th


 of February 2013 and onwards. Fig. 22 


shows the measured temperatures in the storage the 8
th


 of 


February 2013 and the 12
th


 of March 2013. Neglecting 


sensor number 1, 22 and 33 the stratification of the 


storage is clear. Sensor number 1 is above the water level 


because an adjustment of the height position is needed. It 


is not clear why sensor number 22 and 31 show 


unexpected values. The unweighted mean temperature in 


the storage was 22.5°C and 18.7°C the 8
th


 of February 


and 12
th


 of March respectively. From Fig. 21 it can be 


seen that almost no charging takes place in this period 


which means that the temperature drop is a picture of the 


heat loss from the storage. The temperature in the storage 


at the date of production start is assumed to be around 5 


to 10°C. This means that the heat content in the storage is 


considerably higher at the end of the period (1
st
 of 


March), which can explain the low amount of recovered 


heat from the storage. If the difference in average 


temperature is assumed to be 15 K the difference in heat 


content is close to 5 000 GJ but a precise difference 


cannot be given here because of the lack of 


measurements. 
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Fig. 22: Temperatures in the vertical center line of the 


storage on the 8
th


 of February 2013 and 12
th


 of March 


2013 respectively. The sensors are distributed 


vertically by one sensor for each 0.5 m. Sensor 


number 1 is above the surface of the water. 


 


4. CONCLUSIONS 


 


The two seasonal storages treated in this paper have 


been successfully installed and put into operation. Both 


projects have suffered from heavy delays in the 


implementation phase due to unexpected circumstances 


like extremely bad weather, unexpected soil conditions, 


and mechanical breakdown of machinery. The lessons 


learned with respect to this are to plan for the 


implementation earlier in the season and to make more 


room for unexpected circumstances in the time schedules. 


Another important lesson learned is that it is feasible to 


use the winter period for filling up a pit heat storage with 


water and implement the cover during spring. 


The storages are realized for an investment of 13 €/m
3
 


soil in Braedstrup and 32 €/m
3
 water in Marstal 


The BTES in Braedstrup has from the preliminary 


measuring results performed quite satisfactory in the first 


period of operation from May 2012 to March 2013. At 


the end of this period app. 44% of the heat stored is 


recovered which is considerably more than realized in the 


first season of other comparable borehole storages. The 


heat loss is estimated to app. 24% which is also 


satisfactory especially having in mind that some initial 


heating of the surroundings is expected in the first 


seasons. 


The preliminary measurement results from the pit heat 


storage in Marstal shows that only app. 18% of the heat 


flow to the storage is recovered at the 1
st
 of March 2013. 


It can also be concluded that the heat content is 


considerably higher at the 1
st
 of March compared to the 


date of production start, but the evaluation of the first 


season of the storage is weak because several 


measurements have been lacking. 
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Synopsis 


The implementation of large scale solar thermal heating plants have shown to be a way of reducing the 


installed cost per m
2
 of collector area by 75% compared with individual solar thermal systems for 


residential buildings or homes.  


The technology is fully competitive with other fuels for heating, e.g. gas, oil, straw and wood chips – 


and this without receiving any kind of subsidies whatsoever.  


This has been accomplished through the optimization of the solar collector design, the innovative 


integration at existing DH-plants, and the use of absorption heat pumps. By these means it is possible 


to cover up to 25% of the heating demand (annual solar fraction) in North European cities by solar 


energy.  


It has also been possible to increase this solar coverage to about 50% by introducing seasonal storage. 


This has also been possible under fully commercial conditions, receiving no kind of subsidies.  


(Vojens, Gram and Toftlund District Heating plants, are examples of this.) 


The 39.000 m
2
 plant in Chile is also a fully commercial plant. Solar fraction > 80%, only using diurnal 


heat storage. 


1. Solar heating technology 


For the past two decades Ramboll has worked to promote the solar 


heating at core commercial conditions. This field has presented two 


major challenges: A cost reduction of the heat produced, and an 


optimization of the solar fraction. These two aspects have been 


optimized by constructing large scale solar heating plants and 


optimizing these plants with absorption heat pumps and seasonal 


storage. 


2. Cost reduction  


Because of the geographical position of Denmark, space heating is of high importance from both an 


economical and an environmental point of view. The classic solution for reducing the energy 


consumption for heating through solar energy is installing individual solar thermal systems in every 


house. The cost of this type of installation (excl. storage) is approximately 800 Euro per m
2
 of solar 


collector. In Denmark more than 50% of the heating demand is covered by district heating, and as the 


cost of installing solar collectors for large scale solar thermal systems is only about a quarter compared 


to individual systems, i.e. approximately 200 Euro per m
2 


collector (again excl. storage), this will 


prove much more economic.  


  


       Photo 1. Solar panel 







Building these large scale solar plants have meant integrating traditional solar thermal equipment with 


traditional district heating technologies. Examples of this are integration at CHP-plants as well as 


biomass DH-plants, multiple usage of the collectors (heating or driving energy to absorption chillers), 


and multiple usage of the absorption heat pumps. (heated by solar, gasboiler or gasmotor). 


Another example could be the engineering of the piping system. Traditional pre-insulated district 


heating pipes are used in the solar collector field. District heating pipes are normally exposed to very 


few thermal cycles each year whereas pipes in solar systems generally have one cycle per day going 


from the minimum to the maximum temperature.  


Solar collectors are more efficient at a lower temperature differential between the produced 


temperature and the ambient temperature. This means that the overall efficiency of the solar heating 


plant lowers in autumn, winter and spring. By introducing an absorption heat pump in the solar plant, 


the annual heat production can be increased by approximately 20%. Because the absorption heat pump 


only increases the investment by 10-15%, this option is in many cases a further method of increasing 


the profitability of the solar plant. 


All in all, the large scale solar thermal heating plants have developed to be a technology fully 


competitive with other kinds of heating fuels, e.g. gas, oil, straw and wood chips – and this without 


receiving any kind of subsidies whatsoever.  


3. Increasing the solar fraction.  


In Northern Europe, the demand for heat is high. The major heat demand occurs in winter. There is a 


very large variation between the solar irradiation in the winter and the summer, thus production and 


demand overlap very poorly. Therefore solar thermal plants in Denmark in a commercial environment 


only cover around 20-25% of the consumers annual heat demand, and the district heating companies in 


Denmark are now demanding seasonal storage solutions. By applying seasonal storage, the annual 


solar fraction can be increased from approx. 20-25% to 50%, i.e. 50% of the consumers heating needs 


are produced through solar energy. The seasonal storage technology has been matured during the last 


few years. A typical storage volume is approx. 100,000 m
3
 of water. The engineering of the materials 


for the thermal storage has been a major task. Day-to-day thermal storage is being applied to most 


solar thermal installations. Also, the above mentioned use of absorption heat pumps is another 


example of how the annual solar fraction can be increased, however to a lower degree. 


4. Implementation. 


The plants are all based on large flat plate modules. Until now either Arcon Solar or Sunmark. 


Each of 13 – 15 m2. 


Both characterized by a very high n0-value of 0,83 – 0,85 and very low heat loss factors. (a1< 


2,4 w/m2/k). 


A few other manufacturers have shown interest in this market also, offering vacuum tubular 


collectors or CSP. 


None of these have so far been competitive. 


The collector fields are still growing in area. The largest under construction is in Chile. 


(39.000 m2 Sunmark).  







Of coming projects can Vojens be pointed out, increasing the present plant of 17.000 m2 to 


70.000 m2.  


One question is, if such large fields need to be divided into more plants in parallel. As for the 


present the maximum sizes of up to 70.000 m2, we have not seen any need for dividing into a 


number of smaller plants. 


The reason is that it is still possible to buy standard products like heat exchangers, pumps etc. 


Further improving price / performance ratios. 


Another topic might be the flow balances in the field.  


Balancing have proved to be an easy standard procedure, giving perfect balance in plant, 


regardless if flow is 10% or 100% of design. 


 


Here is shown the principle of a 19.000 m2 plant: 


 


Figur 1. Screen dump, 19.000 m2 solar heating plant. 


As it can be seen, it is still kept simple, by only using 1 heat exchanger and one pump in each 


circuit. (Primary and secondary side) 


Secondary side is always more complicated. 







The heating plants are different, using different fuels, CHP or heat only, with or without heat 


storages. 


For these reasons the implementation has to be designed individually, in order to maximize 


the performance. 


 The secondary side has to fulfill the following demands: 


1.Remove heat produced from collector array to heat storage and / or demand side. 


2.To supply some low temperature heat for frost protection in winter time. (When using 


low glycol %) 


3.To cool plant in night time, if production exceeds demand over the days in summer 


time. 


At more plants heat pumps are integrated. 


To use heat pumps to increase performance, is well known. Nevertheless it is if the highest 


importance NOT to cool any solar-heat, that could have been used directly. (Overall system-


Cop = 1, when it happens) 


In some cases solar heating is used as driving heat for absorption chillers, demanding rather 


high temperatures. (> 75 
0
C ). This requires additional possibilities for connecting right source 


to right demand sides. 


5. Control strategy. 


All these large plants are controlled, by using a variable flow strategy. 


The aim is to be able to determine the outlet temperature from a large solar heating plant. 


 







Figure2. Trendlog; solar radiation and temperatures in a variable flow control strategy. 


 


The upper green line is the outlet temperature from the collector array. Very close to the 80 0C, 


required for this day. 


After heat exchanger, 75 0C, corresponding to the flow temperature to the network. 


The strong fluktuating curve is the solar radatiation. W/m2. 


Despite this very fluktuatng conditions, the outlet temperature is kept very stabile over the day. 


Only an hour in the morning to heat up, and 1 – 1½ hour in the evening to cool down the array. 


 


Project references 


Our project references include the establishment of 15 of the largest solar heating plants in 


Scandinavia, including the world's largest plant in Marstal, at the Danish island of Ærø.  


3.1. Selected project references  


• Marstal District Heating: 18,300 m2 solar heating plant, Ærø, 


Denmark, 1993-2011  


• Akershus Energi Varme:  


10,000 m2 solar heating plant, Lilleström, Norway, 2011  


• Strandby District Heating:  


8,000 m2 solar heating plant, Strandby, Denmark, 2009  


• Vojens District Heating:  


17,500 m2 solar heating plant, Vojens, Denmark, 2010-2011  


• SUNMARK Solar:  


39.000 m2 solar heating plant, Minera Gaby, Chile, 2012-2013  


 


 


Fig.1. 17,500 m2 solar heating plant, 


Vojens, Denmark 
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Abstract – A model describing the thermo hydraulic behaviour of DH networks has been used to 


investigate the pressure profile within a solar assisted network. The network description is based on a 


graph-theoretical method and the Newton algorithm was used for solving the system of nonlinear 


equations. A direct integration without heat storage is here implemented for an existing network topology. 


The connection of solar heat suppliers causes local pressure head elevations that directly affect the central 


pump operation. The simulation shows how the critical node moves, which makes the differential 


pressure driven operation difficult to manage. Also the use of a plant characteristic curve is not optimal. 


The paper also reports on the new test facility for decentralised solar heat integration and gives an 


overview about the issues that will be investigated during the next test period: component suitability for 


bidirectional heat exchange, station control, heat metering and handling both solar and load sides. 


 


1. INTRODUCTION 


 


District heating networks with low temperature levels 


offer good integration potentials for solar thermal energy. 


Only few authors use system simulations for thermal 


networks in combination with solar collector models to 


predict the solar gains with different solar system sizes 


(Fink2007 and Vetrsek2010). The hydraulic behavior of 


the network and the interaction between different head 


sources (pumps) has not been discussed yet.  


 


 
figure 1: Decentralised supply priciples 


  


The first part of the paper presents simulation results 


obtained with the program spHeat (Ben Hassine2012), 


which was first developed within the European project 


POLYCITY as part of the CONCERTO initiative for 


energy efficient cities (Eicker2004). It was designed for 


the hydraulic and thermal simulation of networks with 


multiple loop topologies. spHeat has been further 


developed to enable the integration of distributed solar 


thermal (ST) heat surplus into the network model. In 


accordance to (SDH2012) “distributed” or 


“decentralised” means that the solar plant is not close 


located to another major heat generator like a biomass or 


fossil fuel fired plant. The feed-in principles described in 


(Bucar2006) are shown in figure 1. The feed-in 


returnflow is the most challenging concept from a 


hydraulic point of view. The additional pump has to 


overcome the pressure differential between both lines. 


The simulation study carried out in this paper only 


focuses on this integration scheme. The purpose of the 


study is to investigate the effect of the integration on the 


flow control characteristic. By means of static 


simulations some weaknesses of two “conventional” 


control ways are shown. 


In the second part of the paper a new test facility for 


heat substations is discussed. It will be used to   


implement the feed-in schemes discussed above, to test 


the suitability of different components (pumps, valves) 


for bidirectional heat transfer, to test control algorithms 


and to validate the substation model developed. 


 


2. THE SIMULATION FRAMEWORK 


 


2.1 Network description  


The studied network is located in Sonnenberg near 


Stuttgart in Germany. Sonnenberg is subdivided into two 


quarters; Southeast and Southwest (figure 2). As it 


currently stands, construction is completed in the 


Southeast quarter and residences are already occupied. 


 


 
figure 2: The map of Sonnenberg 
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The quarters’ heat demand is partially supplied by a 


geothermal plant located at the southern end of the 


quarter, with distribution via a DH network. Water is 


heated from 40 to 70°C. One of the measures to enhance 


the primary energy factor of the whole system consists of 


integrating renewable energy sources. In several 


Canadian and Swedish sites decentralised solar thermal 


heat has been successfully integrated. First monitoring 


results show good system performances. In Sonnenberg 


the lack of areas to install large collector fields near the 


heating plant makes central solar integration difficult to 


realise. The decentralised principle of heat supply is 


considered to be more realistic.  


2.2 Model development  


The network description in spHeat is based on a graph-


theoretical method. The main components of the graph 


are edges (pipes) and nodes (consumer or plant) as shown 


in figure 3. The Newton algorithm (Horneber1985) was 


used for solving the system of non linear equations. The 


model is based on a quasi-dynamic approach, where the 


flow and pressure are calculated using a static flow model 


in the sub-program spHydro. The temperature is 


calculated dynamically in spThermo depending on the 


flow velocity and several boundary conditions like 


ground and ambient temperatures. The backward-


difference method is implemented to solve the differential 


equations of heat transfer along the pipes. In spHeat the 


network is divided into feed and return levels. Both sub-


networks are calculated separately and the resulting 


return temperature at each house stations is determined 


based on an energy balance equation. The plant head 


elevation dictates the mass flow distribution in the 


network and therefore the temperature propagation. In the 


case of decentralised integration, supplementary head 


elevations from return to supply influence the flow 


direction and have to be taken into account. The 


separation of the network into its two levels is not 


suitable. 


 
figure 3: A simplified network graph 


 


The network model in spHeat was therefore extended 


with the edges ‘consumer substations’ to form a closed 


topology. The system of equations describing the network 


was enlarged by n equations, where n is the number of 


consumer nodes. The law of conservation of energy is 


applied for every loop defined between two consecutive 


substations (figure 4). The exponential formula (based on 


the Darcy-Weisbach equation (Larock1999)) was applied 


to account for the pressure loss p  around the substation 


as a function of discharge V : 
nx


x


nv


v VkVkp     (eq.1) 


with the flow dependent coefficient xk of heat exchanger, 


the valve travel dependent coefficient vk  and the 


corresponding  exponents nx and nv. In the case of feed-


in returnflow eq.1 is replaced by eq.2: 


php  .   (eq.2) 


 
figure 4: Merge of feed and return sub-networks (a 


substation model corresponds to each two nodes) 


 


3. THE SIMULATION STUDY 


 


In DH networks hot water is pumped by variable speed 


pumps to the different stations. Open loop control of the 


head elevation in the supply plant is still applied in many 


installations leading to unnecessary high pressure 


differentials during the low demand season. Ben Hassine 


shows the optimization potential for the pump energy 


consumption by operating in closed loop mode (Ben 


Hassine2011). Closed loop algorithms use the measured 


pressure differential at a critical consumer (generally the 


most distant) to adapt the head elevation of plant pumps.  


A second -more advanced- closed loop algorithm uses 


the plant´s pressure differential as control variable. In this 


case the total volume flow is feed-forwarded to the pump 


drive. The required head elevation is calculated in a way 


to linearly or even exponentially approximate the supply 


characteristic curve )(Vfp  , the curve which 


theoretically guarantees a minimum p  at the critical 


consumer. Costs for sensor maintenance and signal 


transmission can be avoided. 







The influence of decentralised heat integration on these 


two closed loop operation modes is discussed on the base 


of static hydraulic calculations of the network in 


Sonnenberg. figure 5 shows the pressure differential 


between feed and return line along the network. The same 


course is also represented in figure 6 with the dotted line. 


Consumer 56 at the left bottom side of the figure has the 


minimum value of 0,5bars around its heat exchanger and 


fully opened valve.  


 
figure 5: The calculated pipe differential pressure 


 


Assuming that consumer 56 has heat surplus to be feed-


in with a constant volume flow of 3l/s, the critical station 


moves to node 50. Keeping the same pump frequency 


leads to unnecessary high pressures (blue continuous 


curve in figure 6). If the pressure differential of node 50 


is then used as control variable, the plant pump frequency 


is reduced to match the minimum value of 0.5bar at this 


node (red dot). This may lead to insufficiently supplied 


stations (red curve). The critical consumer changes its 


location dependant on a) the feed-in point and b) the 


demand of all other consumers. Pressure differential 


driven control with a reasonable number of pressure 


transmitters doesn´t guarantee a satisfying/safe operation. 


 


 
figure 6: Evolution of the nodal differential pressure 


 


By varying the consumer valves´ travel (i.e. the demand 


volume flow) and adapting the central head elevation the 


supply characteristic curve of Sonnenberg can be 


determined in spHeat (continuous blue curve in figure 7). 


The pressure drop caused by the supplying unit (heat 


exchanger, storage tank, valves etc.) is not considered. 


An approximation of this curve may be used in the 


second closed loop control method explained earlier. 


Assuming solar heat integration in the same node 56 and 


following the characteristic curve (w/o integration) also 


leads to unnecessary high pressures as shown in figure 8. 


The head level increases for almost all nodes through the 


decentralised integration.  


 


 
figure 7: The central pump characteristic curve 


 


figure 7 also shows the supply characteristic curves 


obtained in spHeat for two different integration points 


(dashed for node 56 and dotted for node 23 in the upper 


left side of the network). In both cases a constant feed-in 


flow rate of approx. 3l/s has been applied. To minimise 


the consumption of the major pump a slightly ‘adapted’ 


characteristic curve should be applied. In a network with 


several integration candidates a trade-off between pump 


energy savings and curve adaptation effort has to be 


taken. The dependency of the characteristic curve on the 


amount (e.g. number and capacity of nodes) of heat being 


integrated will be studied in future simulations.   


Due to the expected high return temperatures in the case 


of decentralised integration, the feed-forward of this input 


to control the central pump is a promising approach. It 


will be further investigated in spHeat. 


 


 
figure 8: The critical nodal differential pressure 


 







4. THE TEST FACILITY 


 


4.1 The general layout  


The test facility is being built as part of a running 


EnEff:Wärme project funded by the German Federal 


Ministry of Economics and Technology. It is designed to 


develop and test heat substations under different 


operational conditions (differential pressure and feed 


temperature).  


The first part of the rig has been already built to emulate 


a small heating network with six connections.  Hot water 


is heated up electrically (right side of figure 9). The 


estimated storage heat capacity is 36kWh.  The 


differential pressure is maintained by a circulation pump 


with PID-controlled speed. The final hot water 


temperature is controlled by a PI-controlled 3-way 


mixing valve. Different valves are used along the supply 


and return line to simulate different pressure levels within 


the network.  


The test object(s) can be connected close to 


measurement point for differential pressure or even closer 


to the pump. The cooling of the test objects is provided 


by a separate sub-network which is cooled by a fan coil. 


Differential pressure up to 3.0bar and supply 


temperatures up to 100°C can be reached. The test rig is 


designed for small stations with up to 15kW transfer 


capacity and the expected flow rate does not exceed 


4m³/h.  


4.2 The test topics 


As mentioned in the introduction, the feed-in 


returnflow principle is challenging from a hydraulic 


point of view. In the few works like (Vetrsek2010) found 


about this kind of integration the hydraulic aspect 


remains unexplored. The main questions to be answered 


by testing are: 


- Which components are suitable for bidirectional 


heat exchange? 


- How can the needed effort to feed-in surplus heat in 


DH networks be quantified? 


- Under which operational conditions can 


decentralised heat integration be economic? 


- Which feed-in principle is suitable under which 


operational conditions?  


Furthermore control algorithms to overcome fast flow 


and temperature changes from solar side in direct 


integration circuits will be implemented. Cascade control 


and feed-forward of the solar side temperature are some 


of the planned schemes. 


  Heat metering also presents an important topic. Current 


costs for a bidirectional solution amount to around 2500€ 


with ultrasonic transmitters. The accuracy of valve 


bridges in combination with flow meters will be 


investigated (figure 10).  Also constant flow valves for 


use in the feed-in direction will be considered. The 


strategy to adjust own load and surplus heat is also one of 


the key issues in decentralised solar heat integration. The 


integration of this kind of strategies in the supply 


management of the whole DH system will be addressed. 


 
figure 10: Valve bridge  


 


5. CONCLUSIONS 


 


The extension of the district heating analysis tool 


spHeat is described in this paper. The so far separated 


models for supply and return sub-networks have been 


 


figure 9: Layout and pictures of the test facility 


 


 
 







merged into one model. The integration of head sources 


became easier. First static calculations show that critical 


differential pressure driven operation of the district pump 


is much more difficult in the case of returnfeed heat 


integration. The planned test rig for bidirectional heat 


transfer stations is presented. The first phase of the 


installation has been completed and the main 


development topics are discussed in the paper. 
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Abstract – Two HT solar collectors for solar heating plants from Arcon Solvarme A/S are tested in a 
laboratory test facility for solar collectors at Technical University of Denmark (DTU). The collectors are 
designed in the same way. However, one solar collector is equipped with an ETFE foil between the 
absorber and the cover glass and the other is without ETFE foil. The efficiencies for the collectors are 
tested at different flow rates and tilt. On the basis of the measured efficiencies, the efficiencies for the 
collectors as functions of flow rates are obtained. The calculated efficiencies are in good agreement with 
the measured efficiencies. 


 
 
1. INTRODUCTION 
 


A strongly increased number of solar heating plants 
have been built and are under construction in Denmark 
(http://www.solar-district-heating.eu/SDH). The solar 
collectors used in the solar heating plants are flat plate 
solar collectors and often the volume flow rate through 
the collector field is varying. If the solar irradiance is 
high the volume flow rate is high, if the solar irradiance is 
low the volume flow rate is low. When the efficiency of a 
solar collector is determined often only one volume flow 
rate is used. Actually the efficiency of a solar collector is 
influenced by the volume flow rate. Only if the influence 
of the volume flow rate on the collector efficiency is 
known, it will be possible to determine the optimal 
operation strategy for a solar collector field. Therefore 
two flat plate solar collectors used for solar heating plants 
from Arcon Solvarme A/S are tested side by side in a 
laboratory solar collector test facility at Technical 
University of Denmark (DTU) with different flow rates, 
see Fig.1. Evaluation of the test method for solar collector 
efficiency and the effect of the volume flow rate on the 
efficiency of a solar collector were discussed by Fan (Fan, 
2006). Also the flow distributions in flat plate solar 
collectors under different conditions were studied by 
Jones (Jones, 1994) and by Weitbrecht (Weitbrecht 2002). 
Furthermore the performance and efficiency of flat plate 
solar collector arrays have been analyzed by Wang 
(Wang, 1990). In this paper, the tests on the efficiencies 
of two flat plate solar collectors at different flow rates 
have been carried out. The measured efficiencies are 
compared with the efficiencies calculated with the 
program SOLEFF which is a simulation program for flat 
plate solar collectors (Rasmussen, 1996). Based on the 
investigations efficiency expressions are determined for 
the collectors with different volume flow rates. 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig.1 Photo of two HT solar collectors for tests 
 


2. EXPERIMENTS 
 
2.1 Experimental setup 


The efficiency expressions and incidence angle 
modifiers for two flat plate solar collectors for solar 
heating plants are measured side-by-side with different 
volume flow rates at DTU according to European 
Committee for Standardization (2004), see Fig.1. The 
collectors are from Arcon Solvarme A/S. The collectors 
are identical with the exception that one collector is 
equipped with an ETFE foil between the absorber and the 
cover glass, while the other collector is without an ETFE 
foil. The test conditions for the collectors are listed in 
table 1. The aperture areas for the collector with ETFE 
foil and the collector without ETFE foil are 12.55 m2 and 
12.57 m2. The geometric dimensions for both collectors 
are 5.96 m×2.27 m×0.14 m. The absorbers are made with 
copper and aluminium with 18 parallel horizontal strips 
and with 2 vertical manifolds. The coating for the 
absorbers is a selective Tinox coating and the outer 
covers for the collectors are anti-reflective glass covers. 
The insulations for the collectors are mineral wool. 


Collector with ETFE 
 Collector without ETFE 
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Table 1. Test conditions for two HT solar collectors 


Test 
No. Solar collector fluid Volume flow rate 


(l/min) 
Collector 


tilt,° 


1 40% propylene 
glycol/water mixture 25 45 


2 40% propylene 
glycol/water mixture 10 45 


2 40% propylene 
glycol/water mixture 5 45 


4 40% propylene 
glycol/water mixture 25 60 


 
2.1 Experimental results 


Based on the measurements the efficiency expressions 
and the incidence angle modifiers were found for the 
collectors. The efficiency curves for a solar irradiance of 
1000 W/m2 and the incidence angle modifier for the two 
HT solar collectors at different flow rates and 45º tilt are 
shown in Fig.2 and Fig.3. Also the measurement data 
achieved for HT solar collectors at flow rate 25 l/min and 
60º tilt are shown in Fig.2. The efficiency expressions are: 
η1,w =0.811 - 2.60×(Tm-Ta)/G                                      (1-1) 
η1,n =0.840 - 3.77×(Tm-Ta)/G                                      (1-2) 
η2,w =0.80 - 2.16×(Tm-Ta)/G – 0.0119×(Tm-Ta)2/G     (1-3) 
η2,n =0.828 - 3.26×(Tm-Ta)/G – 0.0086×(Tm-Ta)2/G    (1-4) 
η3,w =0.806 - 2.13×(Tm-Ta)/G – 0.0172×(Tm-Ta)2/G   (1-5) 
η3,n =0.827 - 2.94×(Tm-Ta)/G – 0.0146×(Tm-Ta)2/G    (1-6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Efficiencies and efficiency curves for HT solar 
collectors at different flow rates and tilts 
 
 


From Fig.2 and from equation (1-1) to equation (1-6), it 
is found that the start efficiencies both for the collector 
with ETFE foil and for the collector without ETFE foil 
increase with the increase of the flow rate while the tilts 
of solar collectors are 45º. The start efficiency for the 
collector without ETFE foil is 2-3 %-points higher than 
the start efficiency for the collector with ETFE foil at the 
same flow rate. The heat loss coefficient of the collector 
with ETFE foil is 0.4-1.0 W/m2K lower than the heat loss 


coefficient of the collector without ETFE foil. For a 
certain solar irradiance and volume flow rate there exists 
one specific temperature T0 at which the efficiency for 
the collector with ETFE foil equals the efficiency for the 
collector without ETFE foil. When the mean temperature 
of solar collector Tm is lower than the temperature T0, the 
efficiency for the collector without ETFE foil is higher 
than the efficiency for the collector with ETFE foil. 
However when the temperature Tm is higher than the 
temperature T0, the efficiency for the collector without 
ETFE foil will be lower than the efficiency for the 
collector with ETFE foil. For the same solar collector the 
efficiency at high flow rate are always higher than the 
efficiency at low flow rate. This is very obvious when the 
temperature Tm is relatively high. The measurement data 
of efficiency for HT solar collectors with 60º tilt are not 
enough to decide the efficiency curves yet. 


 
 
 
 
 
 
 
 
 
 
 
 
 


 
Fig.3 Incidence angle modifiers for HT solar collectors at 
different flow rates and 45º tilt 


 
As shown in Fig.3, there are no big differences among 


the incidence angle modifiers for the collectors at 
different flow rates because the glass covers for both 
collectors are the same and the transmittance of the ETFE 
foil is very high. 


 
3. THEORETICAL INVESTIGATIONS 
 


The efficiencies for the two HT solar collectors are 
calculated with a simulation program for flat plate solar 
collectors SOLEFF. The calculated efficiencies are 
compared with the measured efficiencies. The yearly 
thermal performances of the solar collectors in Denmark 
are also calculated for different mean solar collector fluid 
temperature on the basis of the calculated and measured 
efficiencies.  


In order to know how well the calculated efficiencies 
are in agreement with the measured efficiencies the root 
mean square deviation (RMSD) is introduced to evaluate 
the differences between calculated and measured results. 
It is defined as: 
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Fig.4 Measured and calculated efficiencies for HT solar 
collector without foil at different flow rates and tilts 
  
3.1 Theoretical efficiencies of HT solar collectors 


Based on the measured data of total solar irradiance, 
diffuse solar irradiance, volume flow rate of collector 
fluid, ambient temperature, mean temperature of collector 
fluid, wind speed as well as the geometric and physical 
parameters of the HT solar collectors, the efficiencies are 
calculated with SOLEFF. The measured and calculated 
efficiency points for the collector without ETFE foil and 
for the collector with ETFE foil under the same 
conditions are shown in Fig.4 and Fig.5. The RMSD for 
efficiencies for the collector without ETFE and the 
collector with ETFE at different flow rates are 0.013 and 
0.011. That is: There is a good agreement between 
measured and calculated efficiencies. 


 
 
 
 
 
 
 
 
 


 
 
 
 
Fig.5 Measured and calculated efficiencies for HT solar 
collector with foil at different flow rates and tilts 
 


On the basis of the calculated efficiency points with 
SOLEFF in Fig.4 and in Fig.5, the theoretical efficiency 
expressions for the HT solar collectors for an incidence 
angle of 0° and 45º tilt are: 
H1,w =0.817 - 1.93×(Tm-Ta)/G – 0.0028×(Tm-Ta)2/G    (3-1) 
H1,n =0.848 - 3.80×(Tm-Ta)/G– 0.0012×(Tm-Ta)2/G     (3-2) 
H2,w =0.808 - 2.64×(Tm-Ta)/G – 0.0064×(Tm-Ta)2/G    (3-3) 
H2,n =0.844 - 3.85×(Tm-Ta)/G – 0.0042×(Tm-Ta)2/G    (3-4) 
H3,w =0.802 - 2.16×(Tm-Ta)/G – 0.0153×(Tm-Ta)2/G    (3-5) 


H3,n =0.822 - 2.77×(Tm-Ta)/G – 0.0170×(Tm-Ta)2/G    (3-6) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 Efficiency curves from measured and calculated 
results for the HT solar collector without foil at different 
flow rates and 45º tilt 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7 Efficiency curves from measured and calculated 
results for the HT solar collector with foil at different 
flow rates and 45º tilt 


 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig.8 Yearly thermal performance for the HT solar 
collector without foil at different flow rates and 45º tilt 
 


The comparisons of efficiency expressions, which are 
obtained from the measured efficiencies and from the 
calculated efficiencies at different flow rates and 45º tilts 
both for the collector without ETFE foil and for the 
collector with ETFE foil, are shown in Fig.6 and Fig.7. 
The efficiencies from measurements are in very good 
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agreement with the efficiencies calculated with SOLEFF 
when the reduced temperature difference is not larger 
than 0.1 (Km2/W).  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 Yearly thermal performance for the HT solar 


collector with foil at different flow rates and 45º tilt 
 


3.2 Yearly thermal performances of HT solar collectors 
The yearly thermal performances of flat plate solar 


collectors in Denmark are calculated for different mean 
solar collector fluid temperatures with the weather data of 
the Danish reference year and with the above efficiency 
and incidence angle modifier equations. The yearly 
thermal performances calculated with the efficiency 
equations from measurements and from calculations both 
for the collector without ETFE foil and for the collector 
with ETFE foil are compared and shown in Fig.8 and 
Fig.9 as a function of the mean solar collector fluid 
temperature. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig.10 Relative yearly thermal performance for the        
collectors without and with ETFE foils at different flow 
rates and 45º tilt 


 
The maximum deviations between the yearly thermal 


performances calculated with the efficiency equations 
from measurements and the efficiency equations from 
calculations for the collectors without ETFE foil at flow 
rates of 5 l/min, 10 l/min and 25 l/min are 3%, 6% and 
3%. Correspondingly, the maximum deviations for the 
collectors with ETFE foil are 4%, 5% and 4%. 


Comparing the yearly thermal performances of the 
collectors without and with ETFE foil at different flow 
rates with the yearly thermal performances of the 
collector without ETFE foil at flow rate of 5 l/min for 
different mean collector fluid temperatures is shown in 
Fig.10 on the basis of the measured efficiencies. It can be 
seen that the collector with ETFE foil has higher yearly 
thermal performance than the collector without ETFE foil 
when the mean solar collector fluid temperature is higher 
than 30°C. When the mean collector fluid temperature is 
60°C, the yearly thermal performance of the collector 
with ETFE foil is approximately 10% higher than that of 
the collector without ETFE foil. 


 
3.3 Efficiency of HT solar collector as a function of flow 
rates 


As shown above there is a good agreement between 
measurements and calculations while the tilt is 45º. 
Therefore the efficiencies both for the collector without 
ETFE foil and the collector with ETFE foil as a function 
of the volume flow rate and the reduced temperature 
difference T*


m can be developed with SOLEFF for 45º tilt. 
Assuming a 40% concentration of propylene glycol/water 
mixture, 1000 W/m2 of total solar irradiance, ambient 
temperature of 20°C, wind speed of 2 m/s and a diffuse 
irradiance of 110 W/m2, mean temperature of collector 
fluid lower than 100°C and a volume flow rate between 5 
l/min and 25 l/min for 45º tilt, the efficiencies for the 
collector without ETFE foil and the collector with ETFE 
foil can be expressed as: 


）（ 32
n 0.5177F0.5680F-0.2199F0.8143H ++=


     *
m


2 T1.4588F-1.1189F3.1226- ）（ +
  32 *


m
*
m 35.5255TT0.5756F-13.4233- +）（           (4)   


）（ 32
w 0.4005F0.4357F-0.1672F0.7923H ++=


*
m


2 T1.0865F-0.8537F2.3956- ）（ +
   32 *


m
*
m 17.45TT0.9949F-9.1450- +）（                 (5)    


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Fig.11 Measured efficiencies and calculated efficiencies 
with Eq.(4) for the HT solar collector without foil at 
different flow rates and 45º tilt 
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Fig.12 Measured efficiencies and calculated efficiencies 
with Eq.(5) for the HT solar collector with foil at 
different flow rates and 45º tilt 
 


The comparisons of the measured efficiencies with the 
efficiencies calculated with Eq.(4) and Eq.(5) for the 
collector without ETFE foil and for the collector with 
ETFE foil at different flow rates and 45º tilt are shown in 
Fig.11 and Fig.12. The RMSD of the efficiency points for 
the collector without ETFE and the collector with ETFE 
are 0.009 and 0.008. 


 
3. CONCLUSIONS 


 
The start efficiency for the collector without ETFE foil 


is 2-3% points higher than the start efficiency of the 
collector with ETFE foil. The heat loss coefficient of the 
collector with ETFE foil is about 0.4-1.0 W/m2K lower 
than the heat loss coefficient of the collector without 
ETFE foil. The incidence angle modifier is almost 
identical for the collectors without and with ETFE foil. 


If the volume flow rate of solar collector fluid is 
increasing, the efficiency, the start efficiency and the 
incidence angle modifier are increasing and the heat loss 
coefficient is decreasing. 


 The yearly thermal performance for the collector with 
ETFE foil is higher than the yearly thermal performance 
for the collector without ETFE foil when the mean solar 
collector fluid temperature is higher than 30ºC. When the 
mean collector fluid temperature is 60ºC, the yearly 
thermal performance of the collector with ETFE foil is 
approximately 10% higher than that of the collector 
without ETFE foil. 


 
NOMENCLATURE 
 
F             volume flow rate (l/s) 
G            total irradiance (W/m2) 
H            calculated efficiency of solar collectors (-) 
IAM        incidence angle modifier (-) 
N             number of values (-) 
RMSD    root mean square deviation, defined  in  
               Eq.(2) 
T             temperature (°C) 


T0           specific temperature (°C) 
T*


m         reduced temperature difference 
               = (Tm-Ta)/G, (K m2/W ) 
X            variable (-) 
η             measured efficiency of solar collector (-) 
 
Subscript 
 
1             flow rate at 25 l/min and 45˚ tilt 
2             flow rate at 10 l/min and 45˚ tilt 
3             flow rate at 5 l/min and 45˚ tilt 
4             flow rate at 25 l/min and 60˚ tilt 
a             ambient 
c             calculated 
m            mean value 
n             collector without ETFE foil 
t              measured 
w            collector with ETFE foil 
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Abstract – In order to facilitate the first approach to the integration of solar thermal energy into district 
heating systems, an online calculation tool was developed by Solites. Based on more than a 100 000 
TRNSYS simulation results, the tool allows its users to perform a first calculation of the dimensioning 
and economics of a solar district heating plant for different climates in Europe. Two configurations are 
available: central solar heating plant with heat storage and distributed solar district heating plant. The 
performance values of the user-defined plant are obtained by multi-linear interpolation between the 
outputs of the TRNSYS simulations. The economical and energy saving results are deduced from the 
calculated performance values. Moreover, the process of running a high number of simulations allowed a 
good analysis of the impact of the variation of the parameters on the system performance.  
 


 
1. INTRODUCTION 
 


In order to facilitate the first approach to the integration 
of solar thermal energy into district heating systems, an 
online calculation tool was developed by Solites. The tool 
is based on multi-linear interpolation of the results of two 
reference TRNSYS simulation models, within which the 
parameters most relevant for the performance of the plant 
have been varied. First the paper will describe the 
reference simulations as well as the development stages 
of the tool and its possibilities. Then, some of the 
conclusions of the global analysis of the whole set of data 
obtained from the high number of simulations will be 
presented.  
 


2. DEVELOPMENT OF THE ONLINE TOOL 
 
2.1 Reference simulations 


Two configurations are available: central solar heating 
plant with heat storage and distributed solar district 
heating plant. 


The central solar heating plant is composed of a large 
collector field feeding into a tank thermal energy storage 
situated at the main heating central of the district heating 
system (see Figure 1). The pumps on the primary side 
and on the secondary side of the solar heat exchanger are 
matched-flow regulated. 


 
 


 
 
Figure 1: Central solar district heating system   
 







When the solar plant produces heat, but there is no heat 
demand, it is fed into the storage. Depending on the 
temperature in the storage and the temperature coming 
from the collectors, the heat can be fed in at the top or in 
the middle of the storage. In the time periods when the 
solar plant produces heat and heat demand occurs at the 
same time, ‘pre-heating’ is possible, meaning the solar 
heat feeds directly into the main heating station, and not 
through the storage. 


An auxiliary heat source supplements the solar heating 
plant in order to cover the total heat demand. 


The heat demand is obtained via TRNSYS simulation of 
average buildings connected by a distribution net, taking 
into account the hot water demand resulting from a 
DHWCalc [1] calculation. A reference heat demand file 
has been created for each location in order to take into 
account the variation of building’s heat demand under 
different climate conditions. In the simulation model, a 
scaling factor is applied to the reference flow rates and 
operation temperatures according to the total heat demand 
and operation temperatures simulated. Figure 2 represents 
the monthly reference heat demand for Frankfurt, DE.  


 


Figure 2: Monthly heat demand for a model net of 50 
buildings in Frankfurt. Tsupply and Treturn are the supply 
and return temperatures of the district heating net in °C. 


 
In the configuration of the distributed solar heating 


plant, no specific heat demand profile is defined and the 
solar heating plant feeds into a theoretically infinite net as 
much heat as it produces at the set temperature (see 
Figure 3). The solar plant feeds into the supply pipe of 
the net, implying a minimal set temperature of 70 °C for 
low-temperature nets and up to 110°C for high-
temperature nets. Both pumps on the primary side and 
secondary side of the solar heat exchanger are matched-
flow regulated. 


  
Figure 3: Distributed solar district heating system. 
 


2.2 Choice of parameters and variation range 
The aim of the tool is to allow a first calculation of the 


dimensioning of solar district heating systems. In order to 
obtain immediate calculation results, the number of 
parameters that the user can specify had to be 
significantly reduced compared to a TRNSYS simulation. 
Only the parameters most relevant for the performance of 
the system were selected to be variable, all others have 
been defined as constants in the TRNSYS reference 
simulation models. 
 


In order to obtain the complete database, following 
values have been simulated for each parameter:  
 
• Collector type: flat-plate (FP), high temperature flat-


plate (HTFP), evacuated tube without compound 
parabolic concentrator (ET), evacuated tube with 
compound parabolic concentrator (ET-CPC). Table 1 
recapitulates the collector efficiency parameters as 
they were defined in the simulations. 
 


 


η0 
a1 


[W/m²K] 
a2 


[W/m²K] 
Ceff 


[kJ/m²K] 
V 


[l/m²] 
FP 0.8 3.4 0.11 3.8 0.84 
HTFP 0.78 2.6 0 6.8 0.53 
ET 0.71 1.25 0.0045 2.45 0.4 
ET-
CPC 0.64 0.75 0.005 9.2 0.73 


Table 1: Collector efficiency parameters and technical 
characteristics related to aperture area of the different 
collector types as defined in the reference simulations.  
 
η0: zero-loss collector efficiency 
a1: heat loss coefficient of the solar collector 
a2: temperature dependence of the heat loss coefficient  
Ceff: effective thermal capacity 
V: specific volume of fluid in the collector  
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• Net operation temperatures: for the distributed version, 
all nine combinations of winter/summer supply 
temperatures (Tws/Tss) and winter/summer return 
temperatures (Twr/Tsr) presented in Table 2 were 
simulated:  


 
Supply  Return 
Tws/Tss  Twr/Tsr 
100/80  30/40 
90/70  40/50 
70/70  50/60 


Table 2: Supply and return temperatures simulated.   
 


Moreover, the combinations 110/90/60/70 and 
100/80/60/70 were simulated for high-temperature 
nets. For the central system, following combinations 
of supply temperature/return temperature were 
simulated: 60/30, 70/40, 80/50, 90/60. 


 
• Climate: three climates were simulated in Germany: 


Würzburg as favorable, Frankfurt as average climate 
and Hamburg as less favorable climate [2]. Three 
more climates were simulated to cover most of Europe 
[3]: Stockholm (SE), Milan (IT), and Barcelona (ES).  


 
For the following parameters, a specific number of steps 
were simulated to cover the widest possible range. 
However, the user can specify in the tool any value 
between the first and last one simulated (see 2.3). 
 
• Collector area, azimuth and slope for the distributed 


system: the values simulated for the distributed system 
are presented in Table 3. The collector azimuth is 
considered with reference 0° equivalent to south 
direction. The collector slope represents the slope of 
the collector plane against horizontal. 


 
Distributed 


Parameter Steps Unit 
Collector 
area 


100-200-500-1000-2000-
5000-10000-20000-50000 m² 


Collector 
azimuth 


(-45) - (-30)  - (-15) - 0 - 
15 - 30 - 45 ° 


Collector 
slope 15 - 30 - 45 - 60 ° 


Table 3: Values simulated for the collector area, 
azimuth and slope in the distributed system reference 
simulation.  
 


• Collector area, azimuth and slope for the central 
system: the values simulated for the central system are 
presented in Table 4.  
 


• Specific storage volume for the central system: the 
specific storage volume is defined as the whole 
storage volume related to the collector area. Values 
simulated are given in Table 4. 


• Specific yearly heat demand: the specific yearly heat 
demand is defined as the total yearly heat demand of 
the net related to the collector area. Values simulated 
are given in Table 4. 


 
Central 


Parameter Steps Unit 


Collector area 
100-350-1200-
4300-15000-50000 m² 


Collector azimuth 
(-45) - (-30)  - (-15) 
- 0 - 15 - 30 - 45 ° 


Collector slope 15 - 30 - 45  ° 
Specific storage 
volume  


0.05 - 0.15 - 0.4 - 
1.1 - 3 m³/m² 


Specific yearly 
heat demand 


200 - 500 - 1500 - 
4000 - 10000 KWh/m² 


Table 4: Values simulated for five of the parameters in 
the central system reference simulation. 
 


For the distributed system, the parameter list given 
above resulted in 72 576 simulations being performed.  


For the central system, due to the two additional 
parameters and even taking into account the restrictions 
on the number of values of the parameters, 302 400 
simulations would have had to be performed. In order to 
reduce this amount, some configurations, considered not 
realistic, were not simulated. For example, with a 
collector area of 100 m², only specific storage sizes up to 
0.4 m³/m² are considered. This reduced the number of 
simulations down to 145 152.  
 
2.3 Multi- linear interpolation in the online tool 


The performance values of the user-defined plant are 
obtained by multi-linear interpolation [4] of the outputs 
of the TRNSYS simulations in order to limit the 
calculation time. In the end, the user can choose any 
value between the first and the last value simulated and 
discrete values for climates, collector types and operation 
temperatures. If the combination of choices is not 
available due to the restrictions on the central system, it is 
indicated and explained to the user. 
 
2.4 Economics and energy savings 


The economical and energy savings results are deduced 
from the performance calculated.  


The economical calculations are performed according to 
VDI 2067 [5] and take the main components of the 
systems into account.  


The specific collector plant cost is the cost considered 
for the construction of the entire solar plant, including 
internal pipes, related to the collector area in €/m². 
Concerning the central system, the specific storage cost is 
the cost of the tank thermal energy storage construction, 
related to the storage volume in €/m³ and the specific 
auxiliary boiler cost is the cost of the auxiliary boiler, 
related to the boiler’s power in €/kW.  







Default values for these costs are defined in the tool as 
functions of the size and type of these components. 
However, the user can specify his own values. 


 
The specific connecting pipes cost is the cost of the 


piping from the main heating station to the collector field 
and back related to the total pipe length in  €/m. In the 
central system the connecting pipes cost is considered in 
the components cost. In the distributed system, it is 
considered that the collector field is built close to the 
point where it feeds into the net and the connecting pipes 
cost is taken into account as an additional percentage of 
the collector field cost. It has a constant default value but 
can also be defined by the user. 


In the same way, the interest rate, the electricity cost 
and auxiliary fuel cost can be specified by the user. 
However default values are also available for these 
parameters. On the one hand, the possibility of definition 
by the user allows flexibility in the economical 
calculation, which is necessary because of the wide range 
of costs for components and fuels in Europe. On the other 
hand, the default values simplify the tool’s use in a first 
approach.   
 


Another interesting information for the user is the 
environmental benefit of building a solar plant feeding 
into a district heating net. Two indicators can be 
calculated: the CO2 equivalent emissions avoided and the 
primary energy saving rate. A fuel of reference must 
therefore be defined as comparison point, being 
practically the energy source that would have been used 
to produce the heat instead of solar thermal energy. Gas, 
biomass, coal, oil and electricity are the choices available. 
The primary energy factors and CO2 equivalent emission 
factors are defined in [6].The efficiency rate of the virtual 
reference boiler for this fuel of reference has a default 
value of 0.9 but can be specified by the user.   
 


In the case of the distributed system, the net is not 
considered for economical calculation. It is therefore 
assumed that all the solar heat fed into the net replaces 
heat that would otherwise have been produced by the 
energy of reference. As solar thermal energy is 
considered having a primary energy factor of zero [6], the 
primary energy saving rate would be 100%. Hence, only 
the CO2 equivalent emissions avoided are calculated in 
the tool to give an indication of the environmental 
benefit. The CO2 equivalent emission factor of solar 
energy calculated with is 69.029 g/kWhfinal energy [6].  
 


In the case of the central system, two different fuels 
have to be considered: the reference fuel as defined for 
the distributed system and the auxiliary fuel used by the 
auxiliary boiler (see Figure 1). Also for this auxiliary 
boiler, the efficiency rate has a default value of 0.9 but 
can be specified by the user.  
 


The two indicators are calculated according to the 
following formulas:  
 


𝐹𝑃𝐸 =  1 −  
Qaux  ηaux� *fpe,aux


Qheat demand  ηref� * fpe,ref


 ∗ 100 


 
 
 
CO2eq save =   Qheat demand /ηref ∗ fCO2-eq, ref 


− Qaux /ηaux * fCO2-eq, aux+Qsol * fCO2-eq, sol    
 


 
where: 
 
CO2eq save:  CO2 equivalent emissions avoided [kg] 
FPE:    Primary energy saving rate in [%] 
fpe, aux:  Primary energy factor of the auxiliary fuel 


in [MWhprimary energy/MWhfinal energy] 
fpe, ref:  Primary energy factor of the reference fuel 


in [MWhprimary energy/MWhfinal energy] 
fCO2-eq,aux: CO2 equivalent emission factor of the 


auxiliary fuel [kg/MWhfinal energy] 
fCO2-eq, ref:  CO2 equivalent emission factor of the 


reference fuel [kg/MWhfinal energy] 
fCO2-eq, sol:  CO2 equivalent emission factor of solar 


thermal energy [kg/MWhfinal energy] 
Qaux: Heat produced by the auxiliary fuel yearly 


[MWh], equals 0 for the distributed system 
Qheat demand: Total heat delivered to the net yearly 


[MWh], equals Qsol for the distributed 
system 


Qsol: Heat produced by the solar plant yearly and 
delivered to the central station including 
heat that has been stored in the tank thermal 
energy storage [MWh] 


ηaux:  Efficiency rate of the auxiliary boiler [%] 
ηref: Efficiency rate of the virtual reference 


boiler [%] 
  
 


2.5 Assessment of the tool  
This tool allows its users to perform a first online 


calculation of the dimensioning and economics of a solar 
district heating plant for different system characteristics 
and different climates in Europe. It offers different levels 
of usage, as many values in the economical and energy 
savings calculation can be either specified by the user or 
left as pre-defined. Therefore, users having experience in 
the field of solar district heating will be able to specify 
the values they are usually using for calculations whereas 
users with less experience or less data available can 
nevertheless perform a first approach calculation, and 
define those values more precisely once they have 
received price proposals.  


This tool can be extended. For example, more climates 
could be made available to the users. Only the simulation 







time is a restriction to the number of values simulated for 
each parameter. 


However, the number of parameters that can be varied 
by the user is very limited in comparison to the number 
of parameters of the reference TRNSYS simulations. 
Therefore, the tool does not aim at replacing detailed 
simulations needed for designing a solar district heating 
system but at simplifying the first approach to these 
systems.  


 
3. ANALYSIS OF THE RESULTS 
 


The results of the TRNSYS simulations realized within 
the development of this tool can also be considered in 
their entirety. The process of running a high number of 
simulations allows a good global vision of the impact of 
the variation of these parameters on the system 
performance. Also, this global analysis allows checking 
the global coherence of the results. This section presents 
some of the observations that can be made when 
considering the whole set of data. All results presented in 


this section have been obtained for a collector slope of 
45° and a collector azimuth of 0°. 


 
3.1 Performance of the systems 


Figure 4 presents the solar heat delivered to the net in 
the case of the distributed system for different locations, 
collector types and operation temperatures.  


The distributed system as it was simulated here and 
described in 2.1, feeds into the supply pipe of the net. 
Therefore, the set temperature is relatively high compared 
to a distributed system feeding in the return pipe of the 
net. Such a system, feeding in the net at return 
temperature, could bring 20 to 30 % more solar heat to 
the net but increase the return temperature of the net. 


It can be observed that the evacuated tube collector 
types are more robust regarding high net operation 
temperatures. With the adequate collector type, between 
300 and 500 MWh can be delivered to the net in mid and 
northern Europe and between 400 and 850 in the part of 
southern Europe where district heating systems are in 
operation. 
 


 


 
Figure 4: Solar heat delivered to the net by the distributed system for 1000 m² collector area and different combinations 
of operation temperatures (Tsupply, winter/Tsupply, summer/Treturn, winter/Treturn, summer), for each location and collector type. See 2.2 
for collector types definitions. 
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Figure 5: Evolution of the solar fraction and the solar plant efficiency related to increasing collector area pro MWh 
yearly heat demand for the central system in two different locations and net operation temperatures (Tsupply/Treturn) for    
1 200 m². 
 


Figure 5 presents the evolution of the solar fraction and 
efficiency of the solar system with increasing specific 
collector area to yearly heat demand ratio under 
conditions described in Table 4:  
 


System Central 
Collector type ET-CPC 
Collector area 1 200 m² 
Collector azimuth 0° 
Collector slope 45° 
Specific storage size 0.4 m³/m² 


Table 4: Values of the parameters as defined to obtain the 
results presented in Figure 5. See 2.2 for collector types 
definitions. 
 


The solar fraction is defined as the fraction of heat 
delivered to the net produced by solar energy:  
 


fsol =
 Qsol


(Qsol + Qaux)
 


 
Where:  
fsol: Solar fraction  [%] 
Qaux: Heat produced by the auxiliary fuel yearly [MWh] 
Qsol: Heat produced by the solar plant yearly and 
delivered to the main heating central including heat that 
has been stored in the tank thermal energy storage 
[MWh] 
 


The solar plant efficiency is defined as:  
 


ηsol = 
Qcoll


Gt
 


 
Where:  
ηsol: Solar plant efficiency [%] 
Qcoll: Heat produced by the solar plant at the solar heat 
exchanger yearly [MWh] 
Gt: Global yearly radiation in the collector plane [MWh] 
 


For high collector area to yearly heat demand ratios,  the 
solar fraction of the system increases but the solar plant 
efficiency decreases. Hence, increasing the ratio over a 
certain value does not improve the solar fraction 
sufficiently to make the additional collector area 
profitable. This value depends on the system, the location 
and the dimensioning. 


For Barcelona, increasing the collector area to yearly 
heat demand ratio brings more at first because even if the 
total yearly heat demand is the same for the two 
locations, the repartition of the load over the year is much 
more constant in Barcelona, meaning more heat demand 
in summer than in Stockholm where the winter/summer 
heat demand variation is really important.  
Finally, it can be observed that the operation temperatures 
difference has more influence on the system’s 
performance in Stockholm than in Barcelona.  
 
 







 3.2 Economics 
As described in 2.4, an economical calculation, based 


on the performance values resulting from the simulations 
is possible. Some values can be specified by the user 
because the prices that can be obtained on the market still 
vary strongly. Some examples of the solar heat cost 
calculation allowing an analysis of the influence of the 
different parameters on the solar heat price are presented 
here. The different specific costs are defined in 2.4. 
 


Solar district heating systems have been developing 
really fast in Denmark in the last years. The first example 
of a heat cost calculation is made in the conditions closest 
to the conditions of a Danish plant. Table 5 presents the 
values chosen for the economical and simulation’s 
parameters:  
 
System  Distributed 
Collector area 10 000 m² 
Location Stockholm, SE 
Collector type HT Flat-plate 
Tws/Tss/Twr/Tsr 70/70/30/40 
Specific collector cost 180 €/m² 
Interest rate 3 % 
Additional charge 
building/terrain 


5 % of the collector 
investment cost 


Additional charge control 
system 


5 % of the collector 
investment cost 


Additional charge system 
installations 


10 % of the collector 
investment cost 


Design 7 % of the total investment 
cost without design 


Table 5: Values of the economical and simulation 
parameters chosen for the solar heat price calculation in 
the case of a distributed solar district heating system in 
Denmark 
 


In Denmark, the often ground-mounted collectors and a 
good market concurrence allow lower cost for large-scale 
collector plants than in other European countries. 
Moreover, Danish district heating operators can benefit 
from low interest rates between 2 and 3%. Taking these 
particularities into account, the heat price obtained is 
45 €/MWh with capital cost, consumption cost and 
operation cost taken into account according to VDI 2067 
[5]. 
 


Apart from the changes indicated, all following 
examples were calculated with the same values as 
presented in Table 5. 


Considering the same system in Würzburg, Germany, 
the specific collector cost and interest rate to take into 
account are higher. Here 6% interest rate and a specific 
collector cost for high-temperature flat-plate collectors at 
this scale of 246 €/m² are considered. The solar heat cost 
obtained is 74 €/MWh. Therefore, although Würzburg 
has a slightly higher yearly solar radiation (1229 


kWh/m²a) than Stockholm (1204 kWh/m²a), the interest 
rate and collector price have an important influence and 
the solar heat price obtained is higher for Würzburg.  
However, in Germany this kind of innovative systems are 
supported. The financial aids that can be obtained 
correspond to an incentive of 40% of the collector cost. 
Considering this financial aid, a solar heat price of 44 
€/MWh can be obtained. 


To analyse the impact of the climate on the economics 
of a solar district heating system, an example is taken in 
the south of Europe. The same plant is now considered in 
Barcelona, with an interest rate of 6 %. The solar heat 
price is calculated for two different types of collectors 
and the highest and lowest operation temperatures. The 
specific collector cost is considered 246 €/m²and no 
incentive is taken into account. The results are presented 
in Table 6. 
 
 70/70/30/40 110/90/60/70 
HTFP 41.6 €/MWh 53.3 €/MWh 
ET-CPC 51.1 €/MWh 59.4 €/MWh 


Table 6: Solar heat cost obtained for different collector 
types and net operation temperatures in the case of a 
distributed solar heating system in Barcelona, ES (see 2.2 
for collector types definitions and net operation 
temperatures definitions) 
 


It can be observed that the very good performance of 
the plant located in Barcelona, where the yearly radiation 
in the collector plane is much higher (1781 kWh/m²a), 
allow obtaining low solar heat cost even for the highest 
net temperatures.  


 
Finally a solar heat price calculation is given for the 


central system (see Figure 1). Table 7 presents the values 
chosen for the economical and simulation’s parameters:  
 
System  Central 
Collector area 10 000 m² 
Location Würzburg, DE 
Collector type HT Flat-plate 
Specific storage volume 2 m³/m² 
Total yearly heat demand 5000 MWh 
Ts/Tr 70/40 °C 
Specific collector cost 246 €/m²  
Specific storage cost 93 €/m³ 
Specific cost of additional 
boiler 


58 €/kW 


Specific connecting pipes 
cost 


300 €/m² 


Interest rate 6 % 
Additional charge 
building/system 
installations 


12 % of the components 
investment cost 


Additional charge control 
system 


8 % of the components 
investment cost 


Design 10 % of the total 







investment cost without 
design 


Financial support 40% of the collector cost 
and complete storage cost 
(up to 250 €/m³ storage 
possible) 


Table 7: Values of the economical and simulation 
parameters chosen for the solar heat price calculation in 
the case of a central solar district heating system in 
Würzburg, DE 
 


A solar heat price of 75 €/MWh is obtained and a solar 
fraction of 49 % of the yearly total heat demand. In 
comparison to a system only powered with gas with an 
efficiency rate of 0.9, this represents a primary energy 
saving rate of 49.2 % and 508 tons CO2-eq emissions 
yearly avoided. Of course, the solar heat is more 
expensive than for the distributed system, but the 
distributed system without storage does not allow such a 
high solar fraction in the net. The solar heat price has 
here to be compared to other systems allowing 
comparable environmental performance. 
 
3.3 Conclusion 


The development of the online tool presented above 
implied running a high number of TRNSYS simulations, 
varying step by step the parameters having the most 
influence on the systems performance. This allowed first 
a global overview of the two systems potential for 
different configurations  of parameters as presented here 
for the distributed system. Secondly, it allowed more 
precise analyses of the influence of one prarticular 
parameter as presented for the central system and the 
influence of the specific collector area to yearly total heat 
demand ratio. 


Concerning the economical and environmental 
calculations possible in the tool, the fact that the most 
important values can be specified by the user himself 
allows the tool to adapt to a wide range of different 
economical situations. As it was demonstrated through 
the different examples of economical calculation, this 
flexibility is important because the economical 
circumstances vary a lot on the European market and 
have a large impact on the solar heat cost obtained. 
 


4. PERSPECTIVES 
 


The beta-version of the tool will be online in April 2013 
at www.sdh-online.solites.de, feedback from users will be 
very welcome.  


As mentioned, the tool’s structure allows it to evolve 
and extend the number possibilities for the user.  
Following the same development method as described 
above, Solites plans to add other types of solar district 
heating systems to the tool for example including a heat 
pump or borehole thermal heat storage. 
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Abstract – This paper describes the behaviour of an energy system consisting of a solar thermal plant in 


combination with a heat pump used for district heating. The paper is mainly based on calculations based 


on the 2
nd


 order solar panel efficiency equation. The concept of the COPsystem is introduced, and it is 


shown that it is quite different from the COPhp of the heat pump, and that it is strongly dependent of the 


solar radiation. It is also shown that a compromise must be found between a high COPsystem and a high 


production potential. It is recommended that decisions on energy systems with solar thermal and heat 


pumps are based on corporate economy calculations, which again are based on dynamic simulations of 


the energy systems, e.g. with TRNSYS. To support the findings in the paper, the SUNSTORE 3 project is 


presented as a case study. 


 


 


1.  INTRODUCTION 


 


By the end of 2012 there were 22 solar thermal district 


heating plants of 5,000 m
2
 or more in operation in 


Denmark, and in the next couple of years at least 18 new 


plants will be established. Some of these plants also 


include seasonal storages and heat pumps. 


The Danish government has decided that 50% of the 


power production in Denmark in 2020 should be 


produced by wind turbines. As a result of this there will 


in the future be periods where power production exceeds 


the power demand. In these situations it is expected that 


large electrical heat pumps in the district heating systems 


will be one of the best ways to utilize the electrical 


overflow, and at the same time reduce the consumption of 


fossil fuels and biomass in the district heating systems. 


As indicated above Denmark has a leading position in 


the roll out of solar thermal district heating systems, 


partly assisted by heavy taxes on natural gas. On the other 


hand, the roll out of heat pumps is in the very beginning, 


partly delayed by heavy taxes on electricity consumption. 


Many district heating utilities consider to combine a 


solar thermal plant with a heat pump, because the 


efficiency of the solar collectors increases when the 


temperature of the collector fluid is reduced. 


It might seem very obvious to make this combination, 


but there is a major pitfall, which is that the COP of the 


system can be much lower than the COP of the heat 


pump itself. When designing these systems it is therefore 


crucial to make the right calculations. 


 


2.  A SIMPLE EXAMPLE 


 


In this section a simplified example is presented to 


illustrate the behaviour of the combination of a solar 


thermal plant and a heat pump. 


 


2.1  A solar thermal plant 


Fig. 1 shows a simplified principle diagram of a solar 


thermal plant in a district heating (DH) system. 


 
 80°C 


40°C 


85°C 


45°C 


 
Fig. 1:  Principle diagram of a solar thermal plant. 


 


A heat exchanger separates the collector fluid on the left 


side from the DH water on the right side. The collector 


field is in the left side of the diagram. 


Normally there will be a short term heat storage on the 


DH side as well as at least one additional heat production 


unit, but these are omitted in the present example. 


In this example the DH forward temperature should be 


80°C, and the return temperature is 40°C. The tempera-


ture drop over the heat exchanger is assumed to be 5 K, 


and thus the collector inlet and outlet temperatures are 


45°C and 85°C respectively. 


The energy gain of the collector field can be calculated 


by the following solar panel 2
nd


 order efficiency equation 


(Duffy and Beckman, 1991): 
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Assuming G = 800 W/m
2
, η0 = 0.815, a1 = 2.43, a2 = 


0.012 and Tamb = 15°C, the equations (4), (3) and (1) 


gives Tm = 65°C, ∆Tcoll = 50 K and qcoll = 500.5 W/m
2
. 


The values used for the constants in the example are 


typical for large flat plate collectors optimized for high 


temperatures. 


 


2.2  A heat pump 


Fig. 2 shows a principle diagram of a heat pump. The 


working principle of a heat pump is that a refrigerant 


absorbs heat from a heat source at low temperature, and 


rejects the heat to a heat drain at a higher temperature. 


To drive the process an input of high quality energy is 


needed. This could be as mechanical energy in a 


compression type heat pump, or as high temperature 


energy in an absorption type heat pump. The current 


example is based on a compression type heat pump with 


an electrical driven compressor. 


 


 
Heat 
pump 


80°C 40°C 


24°C 60°C 


 
Fig. 2:  Principle diagram of a heat pump. 


 


In this case water at 40°C is cooled down to 24°C at the 


cold side of the heat pump, and at the warm side of the 


heat pump water is heated from 60°C to 80°C. 


The COP (Coefficient of Performance) at the warm side 


of the heat pump is defined as the ratio between the 


useful heat output and the power consumption: 


 


 


hp


c
hp


P


q
COP ≡  (5) 


 


In the example it is assumed that the flow rates on the 


two sides of the heat pump are equal, that the heat loss 


from the heat pump is negligible, and that electrical 


efficiency of the compressor is 100%. 


The power consumption is then Php = qc – q0 = 


m·cp·(80°C–60°C) – m·cp·(40°C–24°C) = 0.2·qc, and 


equation (5) gives COPhp = qc / (0.2·qc) = 5.0. 


 


2.3  Combining the solar plant and the heat pump 


Fig. 3 shows a principle diagram that combines the solar 


thermal plant in Fig. 1 with the heat pump in Fig. 2. 


 
 


Heat 
pump 


80°C 


40°C 


24°C 


60°C 65°C 


29°C 


 
Fig. 3:  Principle diagram of a solar thermal plant 


combined with a heat pump. 


 


A solar thermal plant and a heat pump can be connected 


in different ways, and the one shown at Fig. 3 is just one 


of them (which by the way reduces Tm (16+20)/16 = 2.25 


times more than a system where the outlet temperature of 


the collector is not reduced). 


Compared to the situation in sec. 2.1 the heat pump in 


Fig. 3 has reduced the temperatures in the heat exchanger 


and in the collector field. In this case the equations (4), 


(3) and (1) gives Tm = 47°C, ∆Tcoll = 32 K and qcoll = 


562.0 W/m
2
, which is 61.5 W/m


2
 or 12.3% more than in 


sec. 2.1. 


As the flow rates are equal on the cold and the warm 


sides of the heat pump as well as on the secondary side of 


the heat exchanger, the energy rates are proportionally to 


the temperature differences. Therefore q0 = qcoll · (16 


K/36 K) = 249.8 W/m
2
, qc = qcoll · (20 K/36 K) = 312.2 


W/m
2
, and Php = qcoll · (4 K/36 K) = 62.4 W/m


2
. 


The heat pump has COPhp = qc / Php = 5.0 which, as 


expected, is the same as in sec. 2.2. 


The total DH output of the system is the sum of the 


input from the collector field and power consumption of 


the compressor: qsystem = qcoll + Php = 624.4 W/m
2
 (which 


of course equals qcoll · (40 K/36 K)). This is 123.9 W/m
2
 


or 24.8% more compared to sec. 2.1. 


 


2.4  System performance 


The system performance is now defined as the ratio 


between the increased output of the system in sec. 2.3 and 


the power consumption of the heat pump: 
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With the values from sec. 2.1 and sec. 2.3 equation (6) 


gives COPsystem = (624.4 – 500.5) / 62.4 = 2.0. This is 


remarkably lower than the COPhp = 5.0 in sec. 2.3. The 


reason for this difference is explained in sec. 2.6. 


 


2.5  Example with low radiation 


The example in sec. 2.1, 2.3 and 2.4 is based on a high 


solar radiation of G = 800 W/m
2
. In this section the 


calculations in sec. 2.1, 2.3 and 2.4 are repeated with only 


one difference, which is that the present calculations are 


based on a low radiation of G = 200 W/m
2
. 


All temperatures are as before, but the energy gain of 


the collector field is now qcoll = 11.5 W/m
2
 without the 


heat pump. With the heat pump the energy rates are qcoll = 


73.0 W/m
2
, q0 = 32.4 W/m


2
, qc = 40.5 W/m


2
, Php = 8.1 


W/m
2
 and qsystem = 81.1 W/m


2
. 


The heat pump has COPhp = 40.5 / 8.1 = 5.0 as before, 


but now COPsystem = (81.1 – 11.5) / 8.1 = 8.6 which is 


significantly higher than the 2.0 in sec. 2.4, and even 


higher than the COPhp = 5.0. 


In case the radiation is so low that there will be no 


production at all in Fig. 1 (G < 186 W/m
2
) the system in 


Fig. 3 only needs a little amount of electricity to produce 







heat to the DH system, and equation (6) gives COPsystem = 


(qsystem – 0) / Php = (40 K/36 K) / (4 K/36 K) = 10. 


 


2.6  System performance as function of radiation 


It follows from equation (1) that ∆qcoll = 61.5 W/m
2
 


which is independent of the solar radiation. This means 


that the presence of the heat pump increases the collector 


production by an absolute value independent of the 


radiation. 


On the other hand, the power consumption of the heat 


pump is proportional to the collector production. From 


this it directly follows that COPsystem is high when the 


radiation is low and vice versa. 


Putting qcoll and Php into equation (6) and using equation 


(1) the following can be found: 
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Equation (8) is valid for a situation where the solar 


radiation is so high (G > 186 W/m
2
) that there will be 


production in the system in Fig. 1. 


In this case, all the production from the system in Fig. 1 


has to go through the heat pump and thus causing 


unnecessary power consumption which reduces the 


system performance. An example of this is given in sec. 


2.4. 


In Fig. 4 the COPsystem is shown as function of the solar 


radiation. It is noted that the COPhp is independent of the 


radiation, and that the COPsystem is strongly dependent of 


the radiation. 
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Fig. 4:  Heat pump COP and system COP as function of 


the solar radiation. The green marks indicate the values 


calculated in sec. 2.4 and 2.5. 


 


At any given radiation, the COPsystem is proportional to 


the COPhp, so the COPhp should of course be as high as 


possible. 


The COPhp can easily be measured, but the COPsystem 


cannot be measured at all. Also, the COPsystem cannot be 


derived from the COPhp. 


2.7  System performance as function of temperature 


In sec. 2.3 to 2.6 it is assumed that the temperatures in 


Fig. 3 are constant. In real life the temperatures will 


depend on e.g. the size of the heat pump, the radiation, 


the number of running hours and the size of the storages. 


In Fig. 5 the COPsystem is shown as function of the outlet 


temperature at the cold side of the heat pump. 
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Fig. 5:  System performance as function of the outlet 


temperature at the cold side of the heat pump. The yellow 


marks indicate the values calculated in sec. 2.4 and 2.5. 


 


It is noted that the COPsystem is reduced when the 


temperature is reduced, and that this works faster with 


low radiation compared to high radiation. 


On the other hand, a reduced temperature increases the 


production potential, so a compromise must be found 


between a high production potential and a high COPsystem. 


 


3.  PRODUCTION POTENTIAL 


 


The calculations in sec. 2 are based on the instant solar 


radiation. In this section the results from sec. 2 will be 


used to calculate the yearly production potential. 


 


3.1  Yearly production potential 


Fig. 6 shows a duration curve for the solar radiation on 


the collector plane. The curve is based on radiation for 


Copenhagen/Taastrup (DK), a collector slope of 35° and 


shadow in a collector field with a row distance twice the 


collector height. The maximum radiation is 1,035 W/m
2
, 


the number of hours is 4,341 and the yearly radiation is 


1,073 kWh/m
2
. 


Fig. 6 also shows the corresponding production curves 


for the energy systems in Fig. 1 and Fig. 3. 


Without a heat pump the maximum gain is 692 W/m
2
, 


the number of hours 1,945 and the yearly production 447 


kWh/m
2
 (or 41.7% of the radiation). 


In the system with a heat pump the maximum 


production is 837 W/m
2
 (incl. electricity for the heat 


pump), the number of hours 2,519 and the yearly 


production 647 kWh/m
2
 (incl. electricity for the heat 


pump) or 60.3% of the radiation. 


The increased production with the heat pump is 


therefore (647 – 447) kWh/m
2
 = 200 kWh/m


2
 or 45%. To 


realize this, the power consumption of the heat pump is 







65 kWh/m
2
, and thus the yearly average COP of the 


system is 200/65 = 3.1. 
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Fig. 6:  Durations curves for the solar radiation as well 


as for the energy systems in Fig. 1 and Fig. 3. 


 


3.2  Monthly production potential 


In sec. 3.1 the increased yearly production was found to 


be 200 kWh/m
2
, but how is this distributed over the year? 


Fig. 7 shows the monthly distribution of the production. 
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Fig. 7:  Monthly distribution of the production. 


 


It is seen that the relative potential is almost constant 


from Marts to September (approx. 40%), and higher from 


October to February. 


However, the absolute potential is almost proportional 


to the collector production without a heat pump. It is 


therefore relevant to compare a potential investment in a 


heat pump to an investment in increased collector area. 


 


3.3  Improving the COP of the system 


In sec. 3.1 and 3.2 the collector fluid was cooled 


without looking at the solar radiation. In this section it is 


calculated what happens if the collector fluid is cooled 


only when the radiation is below a given limit. 


Fig. 8 shows the accumulated additional production as 


function of the number of hours the collectors are cooled. 


The right end of the curves corresponds to the values 


calculated in the last paragraph of sec. 3.1. 


The COPsystem (the green curve at Fig. 8) corresponds to 


the ratio between the blue and the red curves. 


If the number of hours is reduced to e.g. 600 pr. year, 


the COPsystem is 10.0, but at the same time the yearly 


production is reduced from 200 to 20 kWh/m
2
. 


A high production results in a low COPsystem, and a high 


COPsystem results in a low production. Obviously, there 


must be found a compromise between a high production 


and a high COPsystem. 
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Fig. 8:  Accumulated additional production as function of 


the number of hours the collectors are cooled. Please 


note that the hours of operation here are organized in 


order of increasing production, where the opposite is the 


case in Fig. 6. 


 


4.  DESIGN CONSIDERATIONS 


 


In this section some considerations are given regarding 


the size of the heat pump, heat storages and design 


calculations. 


 


4.1  The size of the heat pump 


Until now it has been assumed that the heat pump was 


running simultaneously with the solar thermal plant, that 


the capacity of the heat pump was unlimited, and that the 


part load of the heat pump always has been adjusted to 


the production at the solar thermal plant. 


From sec. 2.3 we know that heating capacity of the heat 


pump should be 20/36 times (or 56% of) the collector 


peak production. 


In sec. 3.1 the collector peak production is 753 W/m
2
 


(excl. electricity for the heat pump), so in this case the 


heating capacity of the heat pump should be 418 W/m
2
. 


The yearly production at the warm side of the heat 


pump is 359 kWh/m
2
, so in this case the number of full 


load running hours on the heat pump is only (359 


kWh/m
2
) / (418 W/m


2
) = 859. 


Still using the energy system in Fig. 3 another approach 


could be that the heat pump has a fixed size of e.g. 100 


W/m
2
, and that it is running at full load only. In this case 


the temperatures in Fig. 3 will vary depending on the 


solar radiation. 


 


4.2  Combining with heat storages 


Another approach could be to combine the heat pump 


with heat storages. An example of this is given in Fig. 9. 







Combining with heat storages makes it possible to 


downsize the heat pump, because the heat pump can be 


operated for up to 24 hours pr. day. 


Heat storages also make it possible to operate the heat 


pump according to the electricity spot prices instead of 


the solar radiation. This makes it possible to reduce the 


electricity costs as well as the emissions related to power 


production, because more electricity could come from 


wind power and less from e.g. coal power plants. 


 
 80°C 


40°C 


Warm 


storage 


Cold 


storage 


Heat 


pump 


 
Fig. 9:  Principle diagram of a solar thermal plant 


combined with a heat pump and two heat storages. 


 


On the other hand, combining with heat storages 


increases the need for setting up a good operation 


strategy. 


On Fig. 9 the storages can be bypassed in periods with 


high radiation, but the real challenge is to define the 


optimum collector outlet temperature in periods with low 


radiation in order to maximize the utilisation of both 


storages. 


 


4.3  Design calculations 


Most of the decisions in the DH sector are based on 


calculations of the corporate economy. Investments in 


heat production equipment are no exception from this. It 


is therefore crucial to be able to calculate yearly energy 


conversion of the production equipment. 


As explained above, calculations on the combination of 


a solar thermal plant and a heat pump should be based on 


COPsystem instead of the COPhp. 


Also, when combining with heat storages, calculations 


based on complete dynamic simulations are even more 


important. 


This lead to the next question: how to find the optimum 


sizes for the heat pump and the heat storages? The simple 


answer to this is to make a calculation of the corporate 


economy based on a dynamic simulation of the energy 


system, e.g. with TRNSYS. In this way it is possible to 


optimize e.g. the sizes of the heat pump and the heat 


storages. 


 


5.  CASE STUDY 


 


In this section a case study is presented to support the 


findings in a.o. sec. 2.4 and sec. 3.3. 


 


5.1  The SUNSTORE 3 project 


The SUNSTORE 3 project in Dronninglund (DK) 


consists of a solar thermal plant of 35,000 m
2
, a pit heat 


storage of 60,000 m
3
 and a heat pump with a cooling 


capacity of 2.0 MW. 


The project, which is supported by the Danish Energy 


Agency's Energiteknologisk Udviklings- og Demonstra-


tionsprogram, EUDP (Energy technology Development 


and Demonstration Programme), will be established in 


2013. 


Originally, the heat pump was planned to be driven by 


electricity, and in fact a contract for delivering a 


mechanical heat pump was signed with the company 


Advansor. The heat pump from Advansor was a so called 


transcritical CO2 heat pump, divided into two separate 


units. 


 


5.2  Key figures 


The heating capacity of the heat pump was 3.0 MW, 


which corresponds to 86 W/m
2
. 


The design point temperatures of the heat pump was 


40°C/80°C at the warm side and 20°C/10°C at the cold 


side. At the design point the COPhp was 2.75. 


The energy system has been modelled in the dynamic 


simulation software TRNSYS 16. The user interface of 


the model is shown in Fig. 10. 


 


 
Fig. 10:  User interface of one of the TRNSYS models of 


energy system in the SUNSTORE 3 project. The 


collectors are called "Solfangerfelt", the pit heat storage 


"Damvarmelager" and the heat pump "Varmepumpe". 


 


With the TRNSYS model the yearly average of the 


COPhp has been calculated to 2.96, and the COPsystem has 


been calculated to 1.44, which is a quite poor value. 


 


5.3  Electricity taxes 


A requirement for implementing a mechanical heat 


pump in Dronninglund was that the tax on the power 


consumption of the heat pump (approx. 106 €/MWh in 


2011) was lowered to the same level as the special tax on 


power consumption for electrical boilers (approx. 28 


€/MWh in 2011). This proposal was however never met 


by the Danish Treasury, and for corporate economy 


reasons the mechanical heat pump had to be replaced by a 







thermal driven heat pump (with the same cooling 


capacity). 


 


5.4  District heating references 


The results obtained in the calculations on the 


SUNSTORE 3 system are consistent with results 


obtained in similar calculations carried out by PlanEnergi 


on a number of other DH energy systems consisting of 


solar thermal, heat pumps and seasonal storages for the 


DH utilities in the following Danish cities (in alphabetic 


order): 


• Broager 


• Brædstrup (Boreholes in Braedstrup) 


• Gram 


• Løgumkloster 


• Marstal (SUNSTORE 4) 


• Strandby 


• Tørring 


with borehole storages in Brædstrup and Strandby, and 


pit heat storages in the other cities. 


 


6. CONCLUSIONS 


 


The main topic of this paper is to analyze the behaviour 


of an energy system consisting of the combination of a 


solar thermal plant and a heat pump. 


The motivation for combining these two elements is that 


collector efficiency is increased when the collector fluid 


temperature is reduced. 


In sec. 2 a simple example is used to present the concept 


of the COPsystem which in the current case is quite 


different from the COPhp. 


It is shown that even though the COPhp is independent 


of the solar radiation, the COPsystem has a strong 


dependence of the radiation, and that the COPsystem is 


relatively low at high radiations. 


In sec. 3 it is found that a compromise has to be found 


between a high COPsystem and a high production potential. 


In sec. 4 it is recommended that decisions on energy 


systems with solar thermal and heat pumps are based on 


corporate economy calculations, which again are based 


on dynamic simulations of the energy systems, e.g. with 


TRNSYS. 


Finally it is noted that findings in this paper is valid for 


thermal driven heat pumps as well as for mechanical heat 


pumps. 


 


NOMENCLATURE 


 


a1 1
st
 order heat loss coefficient W/m


2
/K 


a2 2
nd


 order heat loss coefficient W/m
2
/K


2
 


Acoll Collector area (aperture) m
2
 


COP Coefficient of Performance  


COPhp COP of the heat pump – 


COPsystem COP of the system – 


cp Specific heat capacity J/kg/K 


DH District Heating  


G Global solar radiation W/m
2
 


m Specific mass flow kg/s/m
2
 


Php Specific power consumption 


 of the heat pump W/m
2
 


q0 Specific energy rate at the 


 cold side of the heat pump W/m
2
 


qc Specific energy rate at the 


 warm side of the heat pump W/m
2
 


Qcoll Energy gain of collector field W 


qcoll Specific energy gain of collector field W/m
2
 


qsystem Specific energy rate to the DH system W/m
2
 


Tamb Ambient temperature °C 


Tcoll,in Collector fluid inlet temperature °C 


Tcoll,out Collector fluid outlet temperature °C 


Tm Collector fluid average temperature °C 


∆qcoll The difference between 


 qcoll in Fig. 3 and qcoll in Fig. 1 W/m
2
 


∆Tcoll Temperature difference between 


 collector fluid and ambient K 


η0 Starting efficiency – 
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