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Abstract  
Thermal energy storage (TES) systems are technologies with the potential to enhance the efficiency and the 
flexibility of the coming 4th generation low temperature district heating (LTDH). Their integration would enable 
the creation of smarter, more efficient networks, benefiting both the utilities and the end consumers.  

This study aims at developing a comparative assessment of TES systems, both latent and sensible heat based. 
First, a techno-economic analysis of several TES systems is conducted to evaluate their suitability to be 
integrated into LTDH. Then, potential scenarios of TES integration are proposed and analysed in a case study of 
an active LTDH network. This is complemented with a review of current DH legislation focused on the Swedish 
case, with the aim of taking into consideration the present situation, and changes that may support some 
technologies over others.  

The results of the analysis show that sensible heat storage is still preferred to latent heat when coupled with 
LTDH: the cost per kWh stored is still 15% higher, at least, for latent heat in systems below 5MWh of storage 
size; though, they require just half of the volume. However, it is expected that the cost of latent heat storage 
systems will decline in the future, making them more competitive.  

From a system perspective, the introduction of TES systems into the network results in an increase in flexibility 
leading to lower heat production costs by load shifting. It is achieved by running the production units with 
lower marginal heat production costs for longer periods and with higher efficiency, and thus reducing the 
operating hours of the other more expensive operating units during peak load conditions. In the case study, 
savings in the magnitude of 0.5k EUR/year are achieved through this operational strategy, with an investment 
cost of 2k EUR to purchase a water tank. 

These results may also be extended to the case when heat generation is replaced by renewable, intermittent 
energy sources; thus increasing profits, reducing fuel consumption, and consequently emissions. This study 
represents a step forward in the development of a more efficient DH system through the integration of TES, 
which will play a crucial role in future smart energy system.  
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Sammanfattning  

Thermal energy storage (TES) eller Termisk energilagring är en teknologi med potentialen att öka effektivitet 
och flexibilitet i den kommande fjärde generationens fjärrvärme (LTDH). Studien har som mål att kartlägga en 
komparativ uppskattning av TES systemen, baserad både på latent och sensibel värme. Resultaten visar att 
lagring av sensibel värme är att föredra före latent värme när den kopplas med LTDH: pris per lagrade kWh 
kvarstår som 15% högre än för latent värme i system under 5 MWh av lagringsutrymme; dock fordrar de endast 
hälften av volymen.  

Utifrån systemperspektiv innebär introduktionen av TES system i nätverket en ökning av flexibilitet vilket leder 
till reducerade värmeproduktionskostnaderna i mindre belastning. I fallstudien nås en sparnivå av femhundra 
euro per år genom denna operativa strategi, med en investering av 2000 euro för inköp av vattentank.  

Resultaten kan också vidgas till en situation där värmeproduktionen ersätts av förnybara, intermittenta 
energikällor; till detta medföljer högre vinster, lägre bruk av bränsle vilket skulle innebära lägre utsläpp. 
Studien kan ses som ett steg framåt mot skapandet av en mer effektiv DH system genom integrationen av TES, 
vilket kommer att spela en betydande roll i framtida smarta energisystem.    

Nyckelord 

Thermal energy storage (TES); 4th Generation District Heating (4GDH); low temperature district heating (LTDH); 

District heating (DH); Energy efficiency 
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Definitions 
c: marginal cost of heat, €/kWh 

cp: specific heat capacity coefficient at 

constant pressure, kJ/kg*K 

h: enthalpy, kJ/kg 

k: discount rate, % 

m: mass, kg 

ṁ: mass flow, kg/s 

 

 

 

Ṗ: pump work, kW 

R: radius, mm 

Q: heat, kJ or kWh  

Q̇: heat power, kW 

s: entropy, kJ/(kg*K) 

T: temperature, °C or K 

V: volume, m3 

Acronyms 
ATES: Aquifer Thermal Energy Storage 

BB: Biofuel Boilers 

BCHP: Biomass Fired CHP 

BTES: Borehole Thermal Energy Storage 

CHP: Combined Heat and Power 

DEA: Danish Energy Agency 

DERA: Danish Energy Regulation Authority 

DH: District Heating 

DHW: Domestic Hot Water 

DKK: Danish Kronor/Crowns 

ETS: Emission Trading System 

GHG: Green House Gas 

HTF: Heat Transfer Fluid 

IRR: Internal Rate of Return 

KLIMP: Climate Investment Program 

LEB: Low Energy Building 

LHS: Latent Heat Storage 

LIP: Local Investment Program 

LT: Low Temperature 

LTDH: Low Temperature District Heating 

MSW: Municipal Solid Waste 

NG: Natural Gas 

NPV: Net Present Value 

O&M: Operation and Maintenance 

PCM: Phase Change Material 

RPM: Round per Minute 

RS: Rock Storage 

SEA: Swedish Energy Agency  

SEK: Swedish Kronor 

 

 

 

 

SH: Space Heating 

SHS: Sensible Heat Storage 

T&D: Transmission and Distribution 

TCM: Thermo-chemical Material 

TES: Thermal Energy Storage 

TPA: Third Party Access 

USD: United States Dollar 

 

Greek Symbols 
Δ: Delta, difference 

λ: Specific Heat Conductivity (W/mK) 

η: Efficiency 

π: Pi  

ρ: Density (kg/m3) 

 

Subscripts 
amb: Ambient 

av: Average 

high: Supply Temperature 

low: Return Temperature 

losses: Heat Losses to the Ambient 

LT: Low Temperature 

Oversize: oversizing coefficient 

pc: Phase Change 

r: Return 

s: Supply 
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1. Introduction 
The current energy paradigm is strictly connected to fossil fuels. A major percentage of electricity generation is 
achieved through thermal power plants, such as coal or gas plants. Heat generation for domestic use (hot 
water and space heating) is provided through additional boilers, running mostly on fossil fuels, or electricity. 
District heating (DH) networks are key technologies so as to decrease fossil fuel consumption, increase the 
efficiency of the electricity generation chain and re-use waste heat from different processes.  

With the effects of global warning more and more visible, with the scarcity of fossil fuel and the subsequent 
raise in their prices, DH is gaining importance. Scandinavian countries, Canada, Germany and Eastern Europe 
countries, such as Russia, Czech Republic and Lithuania [1] and [2], among others, are pioneers in the 
development and usage of these networks. Europe, in particular, is playing a key role in fighting climate 
change. With the 2020 and the 2030 agreements, major steps have been undertaken in the field. Increasing 
renewable energy share, decrease GHG emissions and increasing the energy efficiency have been the three 
actions proposed by the EU.  

The substantial increase of low energy buildings (LEB), a consequence of the energy efficiency policy, has 
shown potential for decreasing the working temperature of the DH networks serving them. The creation of low 
temperature district heating (LTDH) networks is a crucial step towards serving LEB with a supply that matches 
the (lower) demand, decreasing transmission and distribution (T&D) heat losses and enabling the use of low-
temperature renewable energy sources to produce heat. 

Especially, but not only, when talking about the integration of renewables, as it happens already in the 
electricity grid, storage plays a key role in the management and optimization of the system. Hence, evaluating 
the possible benefits brought to a LTDH network when thermal storage is integrated in the system is an 
important step in order to achieve networks that are even more efficient. Thermal storage, (TES) is defined as 
the property of a medium to be heated or cooled in order to store energy that can be later re-used for 
heating/cooling applications. 

As mentioned above, a LTDH network is a DH network operating at lower temperature, meaning a supply 
temperature lower than 60°C and a return one around 30°C. Reducing temperatures allows matching the 
demand of the new efficient buildings, the LEB, which are becoming more common. A LEB is a very energy 
efficient building, with good insulation properties and therefore fewer losses to the environment. It uses 
around half of the energy of a normal building.  

Different approaches, are proposed for retrofitting already existing DH networks into low-temperature ones, as 
proposed in [1]. Various configurations involve exploiting the return flow of the main network as a heat source. 
To reach the desired temperature, a small fraction of the supply flow is added to the return. The latter process 
can be achieved through different substations configuration, as presented in [1] and [3].  

For what concerns the integration of a storage system with a LTDH, not much work has been developed in this 
regard. Most of the studies developed focus on the use of TES system in conventional DH networks. The 
positive outcomes of having a storage system are many. According to [4], a TES helps shifting the cooling load 
from peak periods during the day to off-peak time at night. In addition, the paper highlights how storage 
increases the efficiency of chillers and other units in off-peak operation; it enhances the system flexibility and it 
balances the load for better economical results. In the study proposed by Tanaka, [5], it is instead pointed out 
how using a TES with a DH network decreases the energy consumption compared to a reference system. It is 
also noticed how seasonal TES has better outcomes than a short-term one. In addition, when referring to 
network served from a combined heat and power (CHP), it allows to follow the electricity load, thus maximizing 
profits, as reported in [6], Finally, storage allows the integration of distributed, renewable energy generation 
technology. This fact has inevitably positive benefits in terms of lower fossil fuel consumption and 
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consequently lower emissions, as reported by [7]. On one side, the high investment cost connected to TES is a 
major drawback. On the other side, however, a TES can help facing peak load periods without the necessity of 
installing new generating capacity, which is probably going to be more expensive than the TES itself. This allows 
the utility to expand the supplying network without increasing the installed power. Other drawbacks are space 
constraints and planning objectives, and the lack of adequate legislation in support, among the others, as 
suggested in [8].  

As highlighted in the paragraph above, extensive research has been carried out on the results of integrating TES 
and DH systems. However, with the switching to the 4th generation of DH, a gap has emerged. The introduction 
of TES systems into the network results in an increase in flexibility leading to lower heat production costs by 
load shifting. Such operational strategy would decrease the operating hours of more expensive technology, and 
at the same time would increase the efficiency thanks to full load running of units. The great advantage of the 
low-temperature network lays in the opportunity of integrating renewable sources. It is clear how reducing the 
network operating temperature actually enables to exploit in more efficient way technologies such as solar 
thermal and geothermal. 

1.1. Scope and Objectives 
The study aims at analyzing the benefit brought to a LTDH network when a storage unit is added to the system, 

from a thermo-economic point of view, and at developing scenarios of possible TES-LTDH integration, defining 

benefits for the owner of the storage and for the network/utility. Suggestions on possible modifications to the 

DH regulation are included as well. In order to facilitate the implementation of such scenarios, in case they are 

beneficial not only for the LTDH closed network, but also on a national scale.  

The focus of the study, especially for what concerns the legislation and the case study development, is on 
Scandinavian countries, Denmark and Sweden in specific. This is related to the fact that DH networks are 
already extensively developed in these countries, that LEB are already very common and that the countries are 
at the forefront in the EU in reducing fossil fuels usage and mitigating climate change. 

The work developed has followed a sequence of steps to reach the result. A comparative assessment of TES 
systems, both latent and sensible heat based has been developed. First, a techno-economic analysis of several 
TES systems is conducted to evaluate their suitability to be integrated into LTDH. Then, potential scenarios of 
TES integration are analysed in a case study of a LTDH network. This is complemented with a review of current 
DH legislation, with the aim of taking into consideration the present situation, and changes that may support 
some technologies over others. Finally, a case study has been conducted on an already existing LTDH in 
Denmark, to validate one of the proposed scenarios. 
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2. Background 
The sections aims at reviewing the main concept touched by the thesis work. First, a review of the fourth 

generation district heating is carried out, then it is analyzed the impact of storage on such system. Finally, a 

more extensive research on TES is developed.  

2.1. The Low Temperature District Heating 
DH is a concept that lies in our society since the 14th century [9], but that has not been completely exploited 
due to the low cost of the energy supplied through conventional boilers and electricity. In addition to be mostly 
powered by fossil fuels, cheap and abundant in the last century, the necessity of a large scale planning, needed  
for the implementation of a DH network, as well as the regulation needed to control it, made alternatives 
heating techniques more attractive in many regions of the world. 

However, with the effects of global warming more and more visible, with the scarcity of fossil fuels and the 
subsequent raise in their prices, DH is gaining again importance. Scandinavian countries, Canada, Germany and 
some Eastern European countries such as Russia, among others, are pioneers in the development and usage of 
these networks [10]. 

The necessity to provide energy to areas with lower energy demand, such as low energy buildings complex 
(LEB), is provoking a transition from the already existing DH network, to a Low Temperature District Heating 
(LTDH) network. A LTDH network can be defined as a district heating system that is able to provide hot water in 
the range of 50 to 70 °C in the supply and 25 to 40 °C in the return, and that is able to meet the customer’s 
heat requirements [1]. 

LTDH has the clear advantage of supplying LEB with an energy quality that matches the demanded. In fact, 
supplying LEB with the conventional DH network, will lead to a clear energy quality mismatch between demand 
and supply: this implies higher heat losses due to higher temperature and higher investment cost relative to 
the total heat consumption [3]. A conventional DH network would not be economically competitive in these 
circumstances. 

For the above reasons, the creation of a LTDH network is needed to serve LEB areas. The approach suggested in 
the literature [1] and [3], to tackle the problem without creating a completely different system, consists in the 
integration with the existing network by exploiting the return flow of the main network as a heat source to be 
mixed with a minor portion of the main supply to reach the desired operating temperatures.   

The use of LTDH networks will enhance the performance of the network in the following ways [1] [11]: 

 It allows supplying energy to LEBs. In fact, as above mentioned, if from the consumer side the energy 
efficiency increases, and therefore the heat demand decreases, the relative heat losses in the 
conventional network will inevitably increase. Using low temperatures to supply those areas will lead 
to lower losses and therefore an increased efficiency of the system. This means that investing in the 
field becomes economically viable 

 It allows the integration of low temperature renewable energy sources, especially geothermal and 
solar thermal that benefit of the lower working temperature of the system 

 It enhances heat pump efficiency due to the lower required district heating temperature. 

 It allows the reutilization of excess heat from industrial processes 

 It decreases the pipeline thermal stress that consequently leads to lower leakages and less 
maintenance 

The literature proposes different ways to develop the LTDH network [1]. A first solution is obtained through the 
direct connection of the LTDH to the DH supply. The LTDH return is mixed with the main DH supply in order to 
reach the needed temperature [1]. A second category, known as temperature cascading, is instead obtained 
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through exploiting the heat available in the DH return. The two schemes reported in Figure 1 represent 
possible configurations of a LTDH substation integrated with the conventional DH network, according to [1], 
[2]. In type A substation (Figure 1a), heat is provided to the load through a heat exchanger that allows the heat 
exchange between the LTDH flow and the costumer’s flow. The LTDH flow, however, is a mixture of the return 
flow of the main network and a small quantity of the main supply.  In type B configuration (Figure 1b), 
consisting of two heat exchangers (a booster and a pre-heater) and a mixer, two main steps occur: first, the 
small portion of flow coming from the main supply is used to boost the secondary network temperature. 
Second, the main return and supply are mixed and used to pre-heat the secondary supply into a heat 
exchanger.  

 
Figure 1a: Type A configuration [3]   Figure 1b: Type B configuration [3] 

2.2. Thermal Energy storage in Low Temperature District Heating Networks 
The integration of TES systems with the LTDH network has the potential to produce many substantial benefits 
for the network, both from an economical and from an environmental point of view. The TES can be either 
centralized, with a main big storage unit directly connected either with the heat production facility, as it is 
conventionally developed, or with the LTDH substation or decentralized, with group of buildings having their 
own TES solution. The optimal configuration depends from many factors, such as scale economy to be 
exploited, safety regulations, incentives schemes and space availability. 

From a general point of view, the advantages brought from a TES to a LTDH network are of various kind, and 
the main one are listed below, according to [5] [6] [8] [12] [13]: 

 In the case of heat provided from a CHP facility, the thermal load is not likely to always follow the 
electrical one. TES enhance efficiency in two ways: in period of peak electrical demand, but low heat 
demand, having the possibility to store thermal energy allows the plant to work in full CHP mode, 
which means with a total efficiency around 80-90%. In this way, the electrical demand is followed, 
maximizing the profit, and the thermal output is not wasted. 
In the reverse case, with low electricity and high thermal demands, the stored energy can be used to 
cover the heat demand while minimizing the electricity production. Figure 2 explains graphically the 
two situations. From an economical point of view, this means that TES reduces or avoids income losses. 
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Figure 2: CHP optimization with TES in case of high electrical demand (left) or low electrical demand (right) 

 It allows to face an increase in demand without installing extra generation capacity 

 It allows full recovery of heat produced 

 It maximizes the efficiency of the system, therefore resulting in lower emissions per kWh produced 

 It reduces heat generation installed capacity to cope with heat peak demand, therefore decreasing 
investment cost and avoiding oversizing of the plant 

 It increases CHP flexibility in terms of electricity dispatching 

 It maximizes the reliability and it lowers operating and maintenance costs 

 It allows the integration of renewable, intermittent, energy sources 

At the same time, TES integration with existing system presents some entry barriers, which are [7] [11]: 

 High investment cost with not so immediate payback time (long-term investment) 

 Necessity of an adequate control system to optimize the coupling of heat production and storage 
reserves and of a correctly sized pressurization unit 

 Factors related to the operation and maintenance of the plant: disruption in the normal production 
due to the installation, personnel to be trained, etc. 

 Space constraints and planning objections 

 Non-adequate policy incentives 
 

2.3. District Heating Sector and Policies in Sweden and Denmark 
In this section, a brief analysis of the Danish and Swedish DH sector is carried out. This section of the study 

aims at describing the current situation of the sector and the policy actions implemented in the past in favor of 

DH in order to mark the salient points and define possible strategies to support TES integration with DH. 

2.3.1. The Swedish DH sector 

Overview of the sector 

The Swedish DH network is an old system. The first DH network in Sweden is dated back to 1948. DH networks 
were greatly expanded during the 70s and 80s oil crises. In this period, CHP plants became more popular. The 
adoption of nuclear power, however, decreased drastically electricity prices, making electrical heating very 
competitive again. The deregulation of the electricity market in the 90s lead to an increase of electricity prices, 
thus shifting again the focus from electrical heating to DH. In the recent years, the introduction of energy and 
carbon taxes and of green certificates shaped the market into the current system [14], [15] and [16]. 



7 
 

In 2007, the DH was accounting for more than 50% of the total market for heat [16], with more than 200 DH 
companies. The network covers 18.000 km [14]. DH was the most used heating solution in residential and 
public buildings, accounting for around 90% of the total space heating demand. It covered around 86% of the 
energy delivered to multi-dwelling building, and 69% of the non-residential premises. In 2011, CHP accounted 
for 45% of the total DH supply [17]. The incredible growth of DH networks drastically reduced the use of oil and 
electric system for heating purposes, as subsidized from the government. In particular, oil share over the total 
fuel used in DH has reduced from 90% in 1980 to 14% in 1988 [16]. Biomass, on the contrary, had an inverse 
trend. Nowadays, biomass accounts for 44% of the DH heat generation; the DH generation mix is shown in 
Figure 3, and refers to the year 2007. By 2013, biomass share has increased to 60% [18]. 

 

Figure 3: Heating generation mix 

With the deregulation of the electricity market, in 1996, the DH companies, ran by municipal energy 
companies, were forced to run on a “business-like fashion”, thus shifting from the old pricing system to a 
market price mechanism. Due to financial problems of many municipalities in the last decade of the 21st 
century, many of the energy companies were sold to large national and international companies, such as 
Vattenfall, E.on and Fortum. In 2004, these large companies [42] provided 58% of energy needs of the DH 
sector. 

All Swedish DH companies are vertically integrated, thus owning and operating both the production and the 
distribution segments.  Some wholesale markets are developed when waste heat from industries is supplied to 
DH plants. Due to the huge investments required to build the pipeline network, the Swedish market is seen as a 
natural monopoly, on a regional basis. This means that, since it is cheaper to have just one company 
distributing heat to costumers rather than having various networks run by different companies, each area has a 
single network. The presence of alternative heating solutions (heat pump above all, but also natural gas or 
electric boiler) weakens the power of the natural monopoly. 

Main regulatory points 

Currently, the Swedish DH market has no price regulation. Since the market is not a unique one, but it actually 
consists of a number of different, more or less isolated, markets, the price varies significantly among the 
different networks. A 100% variation between cheaper and more expensive network prices is observed [19], 
due to many different reasons, such as fuel used and the actual structure of the network. 
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The initial pricing mechanism was a cost-recovery one, meaning that the price was set in order to cover the 
cost of heat generation. In addition, the principles of equality of treatment and of locality were enforced [16]. 
With the electricity market deregulation, the DH companies were forced to run on a “business-like fashion”; 
the other two principles remained in place. 

In 2008, a DH act (2008:263), or district heating law, became reality [16]. The act aimed at strengthen 
consumers’ position in the market against possible monopoly actions undertaken by DH companies when 
setting the price.  

The authorities involved directly in DH regulation are: 1) the Swedish Energy Market Inspectorate, a 
government authority that sets guidelines for the annual operation not only for the DH market, but for energy 
in general; 2) the Swedish Energy Agency (SEA) that aims at promoting the use of more efficient energy 
technologies as well as disseminating knowledge among the public. In 2008, the SEA set up an independent 
board focused on district heating, which mediates between costumers and DH companies; 3) the Swedish 
Competition Authority, which controls the competition and prohibits anti-competitive cooperation or abuse of 
a dominant position. 

As it is clear, the main problems are related to the monopoly nature of the market itself. In 2011, two report of 
the Swedish Energy Market Inspectorate [20] [21] proposed and analyzed the possibility of introducing Third 
Party Access (TPA) to the DH networks in order to foster the competition in the market and increase the share 
of waste heat utilization. Three different TPA were analyzed [22]: 

 Regulated TPA: the access to the network is regulated ex ante, thus meaning that specific conditions to 
be applied to all cases are set in advance. In theory this is the scenario with biggest increase on the 
market competition. The main drawback is that, due to the many differences among the various 
networks, a general system will not be proportioned to each network. How such scenario will affect the 
price variation remains unknown. 

 Negotiated TPA: the main difference with the previous scenario is the negotiations ex post of the 
access terms. In this way, on one side local conditions will be taken into account, but on the other side 
large transaction cost will incur. This means that the system might be better optimized according to its 
local situation, but it may also happen that the transaction cost will result in a higher final price for the 
costumer. The results in terms of increased competition are similar to those of the regulated TPA. 

 Single buyer model: consists in the creation of an intermediary company between the generation side 
and the costumers. Customers can negotiate with all the potential suppliers, and once the agreement 
is reached the single buyer will buy the negotiated amount and will sell it to the costumer. The retail 
price will be the network cost plus the generation one. The main problem in this case is related to the 
fact that currently the DH market is vertically integrated. Network owner, that are also producers, may 
tend to exaggerate network cost to discourage other generators. In other words, a dominant position is 
given to the already existing DH companies, unless a deregulation of the sector is made. The main 
positive outcomes are related to the fact that new suppliers can avoid the marketing/sales processes 
and the related expenditure. Hence, the waste heat share should increase. 

In general, the TPA proposal has been criticized due to the possibility of a price increase to the final costumer 
due to additional administrative and/or transaction cost and due to the possible investments reduction in DH 
infrastructure [14]. In 2014, however, the TPA proposal was accepted. TPA was granted to the network in the 
form of regulated access. However, according to [22], it is unlikely that the effect of the law will contribute 
significantly to increase the share of waste heat into DH, since profitable collaborations in the field are already 
being exploited. 
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Subsidies actions 

Different types of incentives to DH have been adopted throughout the years, and can be divided in two main 
categories, which are direct subsidies to switch from alternative heating sources to DH system and indirect 
incentives, mainly through tax on fuels and emissions.  

Among the first category, in 2006 two subsidies were introduced for the replacement of oil heating in one- and 
two-dwelling buildings and of direct electric heating in residential buildings. The obsolete system could be 
replaced by either DH, ground source heat pumps, or biofuel boilers (BB) [16]. Heat pumps were an eligible 
option only in the case the electricity used for heating accounted for less than the 35% of the total heating 
demand. 
For oil heating replacement, the government set 450 million SEK for the period 2006-2010, that were already 
spent in 2007. Each subsidy was in the range between 10 and 14 thousands SEK. The most popular option for 
replacement was heat pump (43%), followed by BB (37%) and district heating (20%). 
In the case of electric heating, the options remained the same, but with one additional constraint: heat 
provided by DH or BB had to cover more than the 70% of the total heat demand of the building. In this case, 
the subsidies amount was of 1.5 billion SEK, with an upper limit for the single subsidy of 30.000 SEK. By April 
2008, 450 million SEK were already granted. In 80% of the cases, the shift went in the direction of DH.  

In addition, from the 90s, DH benefited from incentives on biomass use. Two successive schemes (1991-1996 
and 1997-2002) were launched. The aim was to incentive electricity generation from biomass, but the subsidy 
was also available for retrofitting of old DH plants or fossil-fired CHP to biomass based CHP. Over a total of 16 
new biomass based plants, 12 were in the ambit of DH system, already in the first subsidy period. The total 
amount granted was 1 billion SEK. The subsidy for retrofitting was 25% of the total investment cost, with an 
upper limit of 4000 SEK/kW. The second scheme had reduced grants (3000 SEK/kW) but still saw the creation 
of nine CHP plants.  
The results were barely visible from the point of view of biomass based electricity (about 0.8 TWh/year in each 
scheme), but it was of vital important for the multiplication of CHP plants. 

Moreover, in 1998 the Local Investment Programmes (LIP) was launched, and it was later replaced by the 
Climate Investment Programmes (KLIMP- 2003 to 2008). The two programs were not directly aiming at DH 
systems, but the latter was one of the sector that most benefited. The LIP aimed at financing local industry 
promoting environmental projects, and had its best results in terms of waste heat recovery, and of connecting 
one- and two-dwelling building to the DH network. KLIMP, instead, aimed at financing projects fighting to 
reduced GHG emissions.  

For what concerns the second category, indirect incentives, two different taxes were enforced. Initially, an 
energy tax was established on primary resources used for heating purposes. When the global warming 
mitigation arose in the early 90s, a carbon tax was established, while the energy tax was reduced by 50%. 
Additionally, a sulfur dioxide (SO2) tax and a nitrogen oxides (NOx) tax were introduced. No carbon or energy 
tax is levied on fuel for electricity generation, while the SO2 and the NOx are applied. The carbon tax was raised 
from an initial value of 250 SEK/ton of CO2 in 1991 to a current level of 1010 SEK/ton of CO2. 
Currently, the taxation schemes applied is the following [23]: 

 Biomass is exempt from energy and carbon taxation, while the sulfur tax is applied only to peat based 
plants.  

 With the introduction of the ETS system (2008), which applies to DH plants as well, the carbon tax has 
been reduced to 15% for CHP plants, and to 94% for heat only plants.  

 The energy tax has been lifted from CHP plants in 2004. 
In addition to the current taxation schemes, the green certificate system has been introduced. Each MWh of 
electricity generated from green energy sources is awarded with one certificate, which can be later sold to 
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other companies that need to reach their green energy generation quota. This mechanism applies to biomass 
CHP based electricity as well.  
For what concerns municipal solid waste (MSW), it is important to mention that from 2002 landfilling of 
combustible or organic waste is prohibited. For exempted categories, a taxation (435 SEK/ton) is applied. This 
fact increased the use of waste incineration, which has even been exempt from both energy and carbon tax in 
2006. In the case of MSW used in DH, the energy and carbon taxation are 152 and 3.426 SEK/ton of fossil 
carbon respectively [16]. The proportion fossil carbon-MSW is assumed to be 12,6% on the weight. In addition, 
the carbon tax is reduced by 79% if the CHP-MSW electric efficiency is higher than 15%. 

2.3.2. The Danish DH sector 

Overview of the sector 

The Danish DH is even older than the Swedish one. The first networks were built back in the early 20s, and in 
1970 30% of residential buildings were heated by DH [24]. In 2015, this share raised to 63% of the private 
houses. 72.8% of the DH heat is currently generated in CHP plants, contributing thus much more than in the 
Swedish case [54]. In fact, CHP growth in Denmark has always been linked to DH growth. In total, CHP based 
electricity accounted for around 50% of the total electricity generation in 2010 [25]. Another strong difference 
lies in the much higher share of natural gas based heat. The fuel mix, back in 2005, is reported in Figure 4. The 
category named renewable is mostly biomass fired CHP plants, with the addition of some solar heating systems 
[51]. 

 

Figure 4. Danish DH fuel mix, 2014 [51] 

Already in 2005, more than 400 companies were active in the DH sector, and 285 over 300 CHP plants were 
serving the DH networks. Most of the DH large plants are owned from national or international companies. 
Smaller plants are owned by production companies, municipalities or cooperative societies [26]. 50% of the 
heat generation was distributed to households, while the industry was receiving another 30%. The remaining 
20% are loss of the system [27]. 

The main alternatives to DH are oil or natural gas boilers, wood-fired boilers and electric heating in the form of 
heat pump mainly. The most popular alternatives are the first two, accounting together for a 25% of the total 
household heating systems. However, oil boilers have reduced their share from more than 50% in 1980 to 
around 10% nowadays [57]. In addition, electric heating system have been banned in new building and in 
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existing building with water based central heating [26], while natural gas and oil boilers have been forbidden in 
new building from 2013 [28]. 

A final remark is connected to the use of storage and the creation of LTDH networks. Each CHP plant is coupled 
with a thermal storage, in order to maximize efficiency and profit, and at the same time to regulate electricity 
generation together with wind power generation, to avoid or decrease wind energy curtailment. According to 
[24], each plant has a short-term storage capacity of around 12 hours of full load heat production at the 
heating plant. In addition, some LTDH pilot projects are already active. In Albertslund, around 2.000 houses will 
be renovated and converted to the LTDH network, by 2017 [1]. Other initiatives, for smaller and more recent 
areas have already begun, with good results in terms of increase efficiency. In Tilst, for example, heat losses 
decreased from 28% to 12% [1]. 

Main regulatory points 

The first point to be mentioned when looking at the Danish legislation is the act on heat supply, dated 1979, 
and still valid. The act made local authorities responsible for identifying possible solution of public heating in 
their competence area [29]. The execution of the act was divided in three different phases, with the ultimate 
goal for each local authority to develop a heating plan. In this way the government had a general overview of 
the entire territory and of its potential, and started planning the realization of the DH and natural gas grid. 

Two are the main difference between the Danish and the Swedish case [14]. First, the DH sector has been 
deregulated. Hence, transmission operators, distribution operators and heat producers are not part of a single 
company. A wholesale market is established in between producers and retailer. However, no retail market can 
be developed, since the network serving the final customers is still managed by a single entity. Second, the 
almost complete absence of alternatives concentrates huge power in the hand of DH companies, thus making 
necessary a price regulation. DH prices are obliged to follow a non-profit mechanism. Each DH company is, 
however, allowed to save, after approval from the regulator authority, excess profit for future investments. 
This is due to the huge capital requirements needed for expanding the network. 

The main authorities involved in the sector are: 1) the Danish Energy Regulation Authority (DERA), an 
independent entity engaged in the supervision of monopoly companies. DERA regulates prices and terms of 
supply; 2) Danish Energy Agency (DEA), a public authority that monitors national and international production, 
supply and consumption of energy, and it is as well engaged to reduce emissions of greenhouse gases. DEA is 
also active in disseminating and informing the public on Danish energy trend. 

Subsidies actions 

An energy and emissions taxation is found in Denmark, similar to the Swedish case. An energy tax is levied on 
fuels used for heating purposes. In addition, heating carried out by the means of electricity is subjected to an 
energy tax as well. Carbon, sulfur oxide and nitrogen oxide tax are levied on fuels. Biomass is exempt from the 
energy and the carbon tax, but not from the remaining taxes. Table 1 summarizes the value of each tax [23]. 

Table 1: Danish taxation schemes [30] 

  2015 

Category Energy tax CO2 tax SO2 tax NOx tax 

Electricity tax for heating [€cent/kWh] 5,07 - - - 

Heavy fuel oil [€cent/kWh] 2,62 0,6 0,13 0,18 

Light fuel oil [€cent/kWh] 2,68 0,62 0,13 0,06 

Natural gas [€cent/kWh] 2,62 0,47 0 0,18 

Coal [€cent/kWh] 2,62 0,77 0,45 0,12 

Biomass [€cent/kWh] - - 0,09 0,12 
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A complete overview of the variable cost of heat production is reported by [27], and it is shown in Figure 5. It is 
possible to notice how the energy tax has great influence on the variable production cost for what concerns NG 
and electrical systems. Again, when talking about NG system, the CO2 is relevant as well. 

 

Figure 5: Estimated variable cost of heat production [27] 

 

No direct subsidy is granted to support DH. However, as said in the previous section, the electric heating ban 
(1988, amended 1994) goes in clear favor of DH, as it is the obligation to connect or remain connected to 
central public heating (DH or natural gas supply). 

An incentive towards the use of biomass for electricity generation is set at 15 DKK cent per kWh, around 2 
€cents/kWh [60]. Despite not being a direct subsidy, it is clear how biomass fired CHP plants have clear positive 
outcomes from such regulation.  

Decentralized CHP plants benefit of a subsidy on the base of their electricity genera0ion. It was originally a 
feed-in tariff granted, but it has changed to an annual amounts that varies according to the market price of 
electricity. The subsidy is going to be available until the end of 2018 [54]. Finally, a premium price to the 
market price is granted to centralize CHP plants [30], in the form reported in Table 2. 

Table 2: Centralized CHP premium price [28] 

Centralized CHP 

Fuel Connection to network 
Premium price 
(€cent/kWh)   

Duration (years) 

Wood chips or straw Before 21st of April 2004 8  20 

Biogas1 

Before 21st of April 2005 8  20 

21st of April-end 2008 
8  10 

5  10 

 

  

                                                           
1 CHP using a combination of natural gas and biogas receives the same payments as decentralized natural gas CHP plus a 

premium price. If the plant began using biogas before 21st April 2004, it will receive a premium of €c3 per kwh for 20 
years, and if after this date, it will receive €c3 per kwh for 10 years followed by €c0.8 per kwh for 10 years [59]. 
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3. Research Approach 
Having in mind the scope and objectives of the thesis, the following steps have been undertaken. 

First, it was necessary to define the various possible configuration of the integration. Three possible 
alternatives are proposed and here explained. They are used as constraints to evaluate if the various TES 
system are suitable for the integration with LTDH networks. 

A. A first option might be to store energy at the temperature of the primary supply, therefore in the range 
between 80 °C (summer) and 110 °C (winter). Thermal energy stored can be supplied instead of the 
primary flow in convenient periods, when producing heat is not economically feasible. In Figure 6 the 
system proposed is reported. To charge the TES, water flowing into the primary supply is used. Once 
the heat has been transferred to the TES, the stream can be directed either to the mixer, to the 
primary return or to the secondary return. The discharge process exploits a water stream coming either 
from the secondary return, preferred solution, or from the primary return. The extracted heat is 
channeled to the mixer. It is however to be pointed out that most DH networks already exploit a TES 
system, especially in Denmark, to optimize their production. 

 

Figure 6: Case A, LTDH network coupled with TES from primary supply 

B. A second option would be to store thermal energy from the primary return. The operating temperature 
of the TES solution will be thus lower, in the range of 40 °C to 55 °C.  Figure 7 shows the possible 
configuration of the system. Heat needed for the charging process comes from the primary return and 
is returned cooled to the secondary return. The discharge process exploits a cold water streams coming 
from the secondary return that is directed to the mixer.  
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Figure 7: Case B, LTDH coupled with TES of primary return 

C. A third option could consist in storing thermal energy at the temperature of the LTDH supply, thus in 
between 55 °C and 60 °C. The storage can be integrated directly at the customer side or right before 
the heat exchanger that connects load and supply network. The two different setups are reported in 
Figure 8 and in Figure 9. The charge/discharge is executed in the same way: in the charging process, 
water flows from the secondary/load supply to the TES and then to the secondary/load return once 
cooled; in the charging process, it is the reverse flow. 

 
Figure 8: Case C, LTDH coupled with TES at network side 
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Figure 9: Case C, LTDH coupled with TES at customer side 

The second step consists in analyzing from a technical point of view the different TES system available. System 
able to operate correctly in one of the three temperature ranges are considered for further analysis. The 
properties evaluated for each application are volumetric storage density, thermal power output, availability on 
the market and hazardous properties, such as flammability or corrosivity. 

The next step consists in defining the specific cost of storing energy of each of the selected technologies. The 
aim is to obtain a cost breakdown on the more relevant cost item, such as system purchase cost, material cost 
or space and installation cost. 

Combining the technical and the cost analysis allows to have a clear overview of the TES currently available. In 
addition, a review of the regulatory framework applied to the DH sector in Denmark and Sweden is carried out 
to highlight potential gaps in the legislative system and to propose possible incentives schemes. 

Finally, with all the information gathered and produced, possible scenarios of TES and LTDH integration are 
proposed. A case study is developed as well in order to quantify the outcomes of such integration. Detailed 
explanation of the methodology followed to assess benefits is presented in the related section. 
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4. Evaluation of TES 
In this section, the different TES systems available and suitable to be coupled with LTDH networks have been 
classified, according to their properties and performance. A more extensive state-of-the-art analysis of TES is 
presented in “Annex 1”, which focuses on the details and characteristics of the studied technologies. 

4.1 Qualitative Assessment 
The analysis has been conducted over sensible (SHS) and latent heat storage (LHS), since these two categories 
have the highest technology readiness levels to be integrated with a LTDH network [31]. For SHS, the systems 
studied were: 1) water tanks; 2) aquifer; 3) borehole; 4) solar ponds and 5) rock tanks. The main phase change 
material (PCM) categories studied were: 1) paraffins; 2) fatty acids; 3) sugar alcohols; 4) salt hydrates and 5) 
metallics. 

For a general understanding of the main properties, advantages and drawbacks of the different technologies, 
Table 3 summarizes the information contained in “Annex 1”. 

Table 3: Characteristics of the main TES systems studied, obtained by combining information  
from [4] [7] [31] [32] [33] [34] [35] [36] [37] [38]  

  Main Properties 
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Water Tank 

Water acts as storage medium and heat transfer fluid (HTF) 
Important to achieve stratification to maximize the efficiency of the storage 
Insulation needed to decrease heat losses  
Possibility of buried, underground tanks to increase the insulation 
Use of pressurized tank to avoid water evaporation above 100°C 
Scalable without significant constraints 
Efficiency around 90% 

Aquifer 

Used normally for long term storage 
Storage capacity proportional to the allowable temperature change, the thermal 
conductivity and the natural groundwater flows 
Use of wells to inject and extract heat from the aquifer 
Easily scalable (increase the number of wells to adjust to the demand), however 
constrained to the aquifer dimension 
Efficiency around 75% 

Borehole 

Intended for seasonal storage  
Do not depend on the presence of an aquifer 
Easily scalable 
Use of U-shaped tubes to inject/extract heat in the surrounding soil 
Two to four years before becoming completely operative 

Rock Tank 

Rock as storage media, water or air as HTF 
Able to cope with high working temperatures 
Inexpensive storage media 
Lower volumetric storage density than water 
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Paraffins 

Organic compound 
Use of technical grade paraffin for cost reasons 
Chemically stable, non-corrosive and no subcooling phenomenon  
Wide phase change temperature (PCT) range 
Low volume variation when changing phase (10%) 
Low thermal conductivity and low volumetric storage density (compared to inorganic 
compounds) 

Fatty Acids 
Organic compound 
Wide  phase change temperature range 
Low thermal conductivity and low volumetric storage density (compared to inorganic 
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compounds) 
Mildly corrosive 
Behavior similar to other organic compounds for other properties 

Salt Hydrates 

Inorganic compound 
Wide PCT, low volume change 
High latent heat of fusion and higher thermal conductivity (double of paraffins) 
Slightly toxic, corrosive,  non-flammable 
Might face problems of incongruent melting and super-cooling 

Metallics 

Inorganic compound 
Used in high working temperature applications (such aerospace) 
Very high heat of fusion per unit volume 
Large weight  per unit volume 

 

4.2 Quantitative/thermodynamic Suitability 
Among the various properties and performance indicators, only some relevant parameters have been taken 
into consideration to classify the TES systems. This was done to tailor the analysis onto storage applications 
suitable for the integration with LTDH. First, the operating temperature was analyzed and used to classify the 
different application. The TES systems have been divided into three groups (A, B and C), according to the 
classification suggested in “3. Research Approach”. In addition to this property, the other relevant parameters 
considered were: 1) availability on the market; 2) toxicity; 3) thermal power and 4) volumetric storage density.  

Concerning the operating temperature, some clarifications are needed to motivate the choice of some 
materials instead of others. When defining which PCMs were suitable in the different cases, the lowest working 
temperature between the two seasonal Thigh was chosen as reference. PCM has to melt or freeze in both 
seasons, and therefore choosing the average, or the highest temperature, would have generated problems in 
some period of the year. This explains why, e.g., no PCM with melting temperature higher than 80 °C was 
chosen for case A. In Table 4, the reference temperatures are the one highlighted. As it is shown in the table, a 
seasonal breakdown has been further developed. It was necessary to operate such differentiation since the 
temperature variation between winter and summer is very marked. For instance, in case A the winter supply 
temperature (110°C) is 30°C higher than in summer (80°C), while the contrary happens on the return 
temperature (40°C in winter against 55°C in summer). This means that it would not be correct to assume a 
storage density constant throughout the year. 

Table 4: Working temperature of the different cases 

 
Winter Summer 

Thigh °C Tlow °C Thigh °C Tlow °C 

Case A 110 40 80 30 

Case B 40 25 55 30 

Case C 60 25 55 30 

For what concerns the other properties, some definitions are needed. Thermal power is the property of the TES 
to release or store heat per unit time. It is directly correlated to the thermal conductivity, which is the ability of 
a material to conduct heat over its surface, but also to the type of heat exchange unit used in the process. 
Volumetric storage density is defined as the amount of energy that a particular system is able to store per unit 
volume. In order to compare SHS and LHS, the following procedures were used to determine this property:  

 In the case of SHS it is simply defined as the integral over the temperature range of the specific heat 
capacity times the density.  



18 
 

 In the case of LHS, Equation 19 has to be used. It is important, in this case, to specify the working 
temperature range, in order to quantify correctly not only the heat of fusion, but also the sensible heat 
stored before and after reaching the phase change temperature. 

The results of the evaluation are shown in Table 5, Table 6, Table 7 and Table 8. For what concerns SHS, no 
details were given over toxicity, availability on the market and thermal output. This is due to the fact that these 
systems mostly use water as storage media which is not toxic and allows at the same time an easy regulation of 
the thermal output. In addition, all these options are already commercialized. For LHS, instead, all the listed 
properties are presented, since they vary from PCM to PCM.  

Before looking at the table, however, some consideration on the following tables have to be done: first, 
especially for salt hydrate compounds it was difficult to find in the literature reference values for density and 
specific heat capacity, for both the liquid and the solid phase. When partial data were found, compounds with 
similar behavior and know properties were used to fill-in the missing data, and therefore obtaining a broader 
analysis. Second, the thermal power output for PCM based applications was based on the thermal conductivity 
of the medium, without taking into account the heat exchanger. Low values refer to thermal conductivity lower 
than 0.4 W/m*K, and very high refers to values higher than 5 W/m*K: mostly metallics PCMs belong to this 
category. Intermediate values fall in the category called high. It is however important to mention that even 
PCMs with high or very high category cannot compete with water based systems. Third, differentiating 
between summer and winter case is needed when calculating the sensible heat stored from each system, since 
variation in the working temperature imply significant difference in the volumetric storage density. A summary 
of the different temperature used in each case is reported in Table 4. 

Table 5: SHS evaluation for the three cases 

 TES System 
Operating 

Temperature 
[°C]2 

Volumetric Capacity 
Case A 

[kWh/m3] 

Volumetric Capacity 
Case B 

[kWh /m3] 

Volumetric Capacity 
Case C 

[kWh/m3] 

Winter Summer Winter Summer Winter Summer 
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 Water Tanks 20-963 80.314 28.684 11.47 34.42 40.15 28.68 

Rock Tanks 20-110 75.64 27.01 10.81 32.42 37.82 27.01 

Aquifer 20-963 n.f.5 n.f5 11.47 34.42 40.15 28.68 

Borehole 20-963 80.31 28.68 11.47 34.42 40.15 28.68 

Solar Ponds Up to 90 n.f.5 n.f.5 11.47 34.42 40.15 28.68 

                                                           
2 The parameter refers to the temperature range at which the material is able to operate. However, it is not the delta T 
used in the calculations 
3 At ambient pressure 
4 Technologically feasible if considering pressurized tank 
5 Not feasible due to technological constraints 
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Table 6: LHS for case A evaluation 
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TES System 
Melting 

Temperature 
[°C] 

Volumetric 
Capacity 
Winter 

[kWh /m3] 

Volumetric 
Capacity 
Summer 

[kWh /m3] 

Thermal 
Power 
Output 

Available 
on the 
market 

Toxicity 

Paraffin  
C-33 

73.9 110.16 80.43 Low Yes No 

Paraffin  
C-34 

75.9 110.41 80.68 Low Yes No 

Stearic Acid 67.0 87.70 63.62 Low Yes No 

Al(NO3)2*9 H2O 72.0 70.006 62.536 High No Yes 

Ba(OH)2*8 H2O  78.0 192,62 168,71 High No Yes 

Cerrobend 
Eutectic 

70.0 116.876 97.626 
Very 
High 

Yes No 

Bi-Pg-In 
Eutectic 

70.0 108.926 85.096 
Very 
High 

Yes No 

Table 7: LHS for case B evaluation 
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TES System 
Melting 

Temperature 
[°C] 

Volumetric 
Capacity 
Winter 

[kWh /m3] 

Volumetric 
Capacity 
Summer 

[kWh /m3] 

Thermal 
Power 
Output 

Available 
on the 
market 

Toxicity 

Capric Acid 
32 56.00 45.36 Low Yes No 

LiNO3*3H2O 
30 109.62 89.51 High Yes Yes 

Na2CO3*10H2O 
32 138.966 116.11 High No Yes 

Na2SO4*10H2O 
32 130.88 107.86 High Yes Yes 

CaBr2*6H2O 
34 132,56 96,40 High No Yes 

Zn(NO3)2*6H2O 
36 106.95 84.58 High Yes Yes 

                                                           
6 Value obtained estimating some of the compound properties due to the non-availability of those in the literature  
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Table 8: LHS for case C evaluation 
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TES System 
Melting 

Temperature 
[°C] 

Volumetric 
Capacity 
Winter 

[kWh /m3] 

Volumetric 
Capacity 
Summer 

[kWh /m3] 

Thermal 
Power 
Output 

Available 
on the 
market 

Toxicity 

Paraffin 6106 42-44 61.1 56.2 Low Yes No 

Paraffin P116 45-48 66.3 60.8 Low Yes No 

Paraffin 5838 48-50 61.8 56.9 Low Yes No 

Methyil-12 42-43 52.66 47.16 Low No No 

Lauric Acid 42-44 66.0 60.4 Low Yes No 

Na2HPO4*12 
H2O 

40 150.1 140.4 High Yes Yes 

KF*2 H2O 42 95.3 86.7 High Yes Yes 

CaCl2*6 H2O 42 103,86 95,36 High Yes Yes 

Zn(NO3)2*4 
H2O 

45 96.96 86.76 High No Yes 

Na2S2O3*5 H2O 49 126.4 117.5 High Yes Yes 

MgSO4*7H2O 49 91.96 83.66 High No Yes 

From the above listed tables some conclusions, regarding the technical behavior of the different applications, 
can be drawn. First, it is interesting to notice how, in all the cases, the winter performance in terms of 
volumetric thermal capacity is better than the summer one. The reason is explained from Table 4, where it is 
possible to see how temperature differences are bigger in winter than in summer. 

Sensible heat with water, as storage medium or HTF, is not suitable for case A, where winter temperatures 
reach peaks of 110 °C, well above the evaporation point of water. System such as storage tank and borehole 
storage can be used if the working pressure is increased, resulting into an increase of the evaporation 
temperature. If this is verified, they are considered as feasible solution for case A, while aquifers and solar 
ponds are not technologically feasible options. 

When analyzing volumetric storage capacity, it is clear how PCMs have much better performance than SHS 
solutions. Normally, the storage density for a PCM is about two or three times the one of water, and even five 
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or six times the one of rock. It is clear how this gap increases when the temperature range is decreased. In this 
case, therefore, it is more convenient the usage of LHS than SHS. Case B is a clear example of this behavior. 

Among PCM, the ones with better properties for case A are paraffin C-34 (paraffin C-33 is just slightly worse) 
and Ba(OH)2*8 H2O. The salt hydrate has much higher volumetric thermal capacity and higher thermal 
conductivity, but is toxic. Cerrobend Eutectic is another compound with very good properties, the main 
drawback are connected to the very high density. 

For case B, the best three materials are salt hydrates such as Na2CO3*10H2O, Na2SO4*10H2O, CaBr2*6H2O and 
Zn(NO3)2*6H2O. The other salt hydrates listed in Table 7 have similar properties, while the only organic 
compound, capric acid, has much lower performance in terms of thermal power output and volumetric thermal 
capacity. Organic compounds cannot compete with the performance of the inorganic materials listed in Table 
7. 

Two sodium compounds, Na2HPO4*12 H2O and Na2S2O3*5 H2O, are the most suitable for case C. In this case 
too, they are salt hydrates, therefore presenting high thermal conductivity and high volumetric thermal 
capacity, but being toxic. What said for organic compound of case B remains valid in case C. 

In order to additionally compare the properties of sensible and latent heat storage material, the following 
method has been used: the above listed compounds, and water, have been analyzed calculating the volumetric 
heat varying first the highest temperature that the system can reach (Thigh varying between 35 °C and 110 °C), 
and keeping the lowest one at 25 °C, and then vice versa, with the highest temperature fixed at 110°C and the 
lowest varying in the range [25 °C-55 °C]. Figure 10 and Figure 11 report the obtained curve for each 
compound. 

 

Figure 10: Volumetric Thermal Capacity in function of Thigh, with Tlow fixed at 25 °C 
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Figure 11: Volumetric Thermal Capacity in function of Tlow, with Thigh fixed at 110 °C 

The rectangular areas highlighted are useful to graphically observe the behavior of the PCM in relation to the 
seasonal temperature variation occurring in the three cases. From Figure 10, it is possible to understand the 
performance variation in relation to an increase on the highest temperature of the system (that corresponds to 
the winter season).  

Figure 11, instead, highlights the performance behavior in relation to the lowest temperature, thus comparable 
to the summer season. No particular difference is noticed in the slopes of PCMs within their working range, 
thus confirming that the driving factor is the volumetric thermal capacity. 

When adding water to the comparison (yellow line in the two graphs), it is possible to notice some interesting 
relations: 

 In Figure 10, water has much worse behavior than every other compound on the graph in its optimal 
temperature range. This means that from a pure performance point of view, using a LHS system, in the 
three cases, is always better than using a water storage system 

 In Figure 11, the same trend is observed. The material with closest behavior is paraffin C-34, while the 
other compound are always better than water in their respective case. 
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5. Cost Analysis 
TES systems have been reviewed in “Thermal Energy Storage State-of-the-Art-Analysis” from a pure technical 
point of view. The other key factor to be studied when analyzing these systems is cost. This chapter aims at 
developing a cost analysis in which the different factors that accounts for the total cost of each storage 
application are taken in consideration. The outcome of the cost analysis, combined with the technical analysis 
results, will produce an important tool to classify the various TES application. 

The cost items that are accounted in the analysis are the following: 

 Material to be used as storage medium 

 System purchase cost 

 Installation (paying particular attention to underground solutions and piping system) 

 Other fixed cost such as insulation and control system 

 Operation and Maintenance (O&M) 

 Control system 

 Replacement 
From a first, rough, analysis, it resulted clear how the size of the storage taken into consideration was a 
relevant factor in determining its cost. Depending on the storage technology chosen, its cost per kWh may 
increase or decrease when size is varying. Therefore, a main differentiation was done according to the size, as it 
will be shown in the chapter. 

5.1. Sensible heat storage 
SHS system can be divided in two main blocks: system using water as storage media, and system using rocks 
instead. In all the calculations that have been developed, the ΔT considered was fixed to 50°C. 

5.1.1 Water as storage medium 
The main technologies applicable in this case are water tank, aquifer, borehole and cavern. Due to the lack of 
information available from the literature about hot water tank, borehole and pit storage cost functions, the 
procedure consisted in estimating the cost from already installed and working system. From paper [39] and 
[40], it was possible to obtain a table summarizing the different projects, their dimensions and their cost.  

Table 9: Hot Water Tank, Pit and Borehole existing project 

Type Installed TES 
Volume (m3 water 

equivalent) 
Specific Cost 

(€/m3) 
Total Cost 

(K€) 
Specific Cost 

(€/kWh) 

Tank Ilmenau 300 475 143 8,18 

Tank Rottweil 600 455 273 7,83 

Pit Steinfurt 1000 405 405 6,97 

Pit Stuttgart 700 245 172 4,22 

Tank Hannover 2700 240 648 4,13 

Tank Hamburg 4500 215 968 3,70 

Pit Chemnitz 5300 120 636 2,07 

Borehole Neckarsulm-1 5000 90 450 1,55 

Borehole Braedstrup (DK) 4500 50 225 0,86 

Pit Martstal-1 (DK) 10000 80 800 1,38 

Tank Friedrichshafen 10200 120 1224 2,07 

Borehole Neckarsulm-2 10700 70 749 1,21 

Pit Martstal-2 (DK) 75000 41 3075 0,71 
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The data reported in Table 9 were used to estimate the cost of these technologies. According to technology 
and size, the cost per kWh of each single project was exploited to obtain an average cost value, as reported in 
Table 10. 

Table 10: Average cost per technology and volume obtained from existing project 

Volume range (m3) Tank (€/kWh) Pit (€/kWh) Borehole (€/kWh) Cavern (€/kWh) 

0-1.000 8,01 4,22 - 3,38 

1.000-10.000 3,19 3,02 1,14 1,69 

10.00-100.000 11,10 0,71 - 0,85 

100.000-1.000.000 - - - 0,42 

Some conclusions can be drawn from the table. First, it is clear how the size, as highlighted before, is a key 
factor in determining the specific cost. Tank applications are the ones more affected from this parameter, with 
relevant difference in costs in between medium-small and large systems. In the case of pits, the optimal 
volume is the one with volume ranging between 10.000 and 100.000 m3. The borehole projected implemented 
and documented in literature are only in the 1.000 to 10.000 m3 range, thus not covering all the different 
volumes ranges. In addition to these three technologies, a fourth column was added, concerning cavern 
storage. In this case, a cost function obtained from [40] was used to calculate the cost of rock cavern. From the 
results, it is clear how size is still an important parameter for this technology too, even more significant than in 
the case of water tank. 

Aquifer specific cost (€/kWh) was instead calculated according to [41]. Some aspects connected to the 
reference used have to be highlighted: 1) the paper is from 1987, thus technology improvements resulting in 
reduction of costs have to be taken into consideration; 2) inflation incurred in the last 29 years is very 
significant and cannot be neglected. The paper approach defines the cost of an aquifer in direct connection to 
the number of wells dig. Thus, the main categorization, in this case, will regard the number of wells, and not 
the size. 

From the cost function given in [36], and considering: 1) a ΔT of 50 degrees in between hot and cold water 
flows; 2) an inflation of 114.05% from 1987 to 2016 USD $ [42]; 3) the hypothesis of a 10% reduction in cost 
due to technological improvement; 4) the exchange rate USD 1$ equals 0.9016 € in the day 16/03/2016, the 
results presented in Table 11, have been obtained. 

Table 11: Aquifer cost data 

Aquifer # of well Total Investment Cost (M€) Specific Cost (€/kWh) 

Total 

2 1,5 0,038 

4 2,6 0,032 

16 8,9 0,027 

The cost obtained for the different technologies are in line with what found in the literature, which points out 
cost for SHS ranging in between 0.1 € and 10 €, according to [43], and with what shown in Table 28. Water 
tanks result more expensive of an order of magnitude than the value reported in Table 28, while aquifer cost 
obtained is lower than the one reported in the literature. 

In addition to what already said, a cost breakdown available from [44], allowed a deeper analysis for what 
concerns hot water tanks. In Figure 12 is reported the proposed breakdown. 
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Figure 12: Cost breakdown for hot water tank 

Combining the data reported in Table 10 and in Figure 12, it was possible to quantify the specific cost (€/kWh) 
of each cost item in relation to the size of the system. Results obtained are reported in Table 12. 

Table 12: Water tank costing 

Volume (m3) 0-1000 1000-10000 10000-100000 

Tank cost (€/kWh) 3,60 1,44 4,99 

Space Cost (€/kWh) 0,24 0,10 0,33 

Water Cost (€/kWh) 0,00 0,00 0,00 

Maintenance (€/kWh) 0,24 0,10 0,33 

Installation (€/kWh) 1,52 0,61 2,11 

Control System (€/kWh) 2,32 0,93 3,22 

Energy (€/kWh) 0,08 0,03 0,11 

Total (€/kWh) 8,01 3,19 11,10 

The tank itself covers almost half of the expenses, and the other relevant cost items are the control system and 
the installation. Water purchase cost is neglected; maintenance requirements are very little as well. The 
replacement cost is not taken in consideration in [44], but it is reasonable to assume it as a relevant cost item, 
since it is mostly connected to the replacement of the tank, which represents the major expense among the 
cost items.  

5.1.2 Solid material as storage medium 
In the case of solid material used to store energy, the analysis was conducted on granite, limestone, sandstone 
and slate tanks. The main hypothesis behind all the calculation developed is that the cost breakdown and the 
total cost are closely comparable to the water tanks one, due to missing information in the literature. It is a 
reasonable assumption since the main system is the same, the foundation or excavation needed for the 
installation remains similar and the working principle behind the two technologies is identical. 
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The procedure utilized was the following: starting from the specific cost (€/kWh) of water tank presented in 
Table 10, the material cost was added, according to the pricing provided by [32]. In this way, the total specific 
cost for each tank was defined, and it is reported in Table 13. 

Table 13: Purchase cost and tank total specific cost for different types of rocks 

Material Granite Limestone Sandstone Slate 

Volume (m3) Cost ($/metric ton) 11,58 8,56 9,18 9,52 

0-1000 

Total Specific Cost (€/kWh) 

8,96 8,66 8,71 8,82 

1000-10000 4,15 3,85 3,90 4,01 

10000-100000 12,05 11,75 11,80 11,91 

Comparing Table 10 and Table 13, it is clear to see how rock tanks are always more expensive than water tanks. 
This is due to two reasons: 1) the way the rock tank technology was calculated leads automatically to higher 
cost, since the rock purchase is directly added to the original water tank specific cost; 2) it is important not to 
forget that, however, when considering equal volumes, energy stored in water tanks is almost the double of 
the rocks ones, due to higher volumetric thermal capacity (30 kWh/m3 for rock against 58 kWh/m3 for water). 

At this point, starting from the cost item value obtained for water tanks, and adding the rock cost, it was 
possible to obtain a new cost breakdown for each case. In Figure 13 and in Figure 14, an average cost 
breakdown per volume is reported. 

 

Figure 13: Cost breakdown for small volume rock tanks 
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Figure 14: Cost breakdown for large volume rock tanks 

Some conclusion may be drawn from the above seen figures. Tank cost still represents a major expenditure, 
but it is slightly less relevant than in water tank cost breakdown. Storage medium purchase cost increases its 
significance together with size. In the last volume range, however, it returns to lower values, due to the higher 
total specific cost. In other word, in the two medium sizes, the total cost for the tank is optimized, thus really 
low, and therefore rocks represents a high cost percentage of it. Control remains a significant expenditure. 

5.2. Latent heat storage 
In order to evaluate the cost of LHS system, the initial objective was to define the best PCMs among the ones 
cited in “TES State of the art/ PCM” and then obtain their market price. Some of the compounds, such as 
paraffin, are already used as storage media, and their cost was obtained from [45]. For the other selected 
compounds, the market price was provided by the company SigmaAldrich [46], and by the website MOLBASE 
[47], a chemical e-commerce platform. The two cited companies supply compounds as reagent for the 
chemical industry, thus with a high cost per kg, since many time the order are in the magnitude of half a kilo or 
less. On a paper [48], a possible approach was suggested on how to evaluate the PCMs price when applying 
scale economy, and it was used in the calculation, in order to give more comparable results. The paper suggests 
the reduction of a fatty acid compound (Capric-Palmitic acid) cost from USD 30 $/kg to USD 2.5 $/kg, and for a 
salt hydrate (CaCl2*6H2O) from USD 22 $/kg to USD 1.9 $/kg. Consequently, an average multiplier was 
calculated, thus establishing an 11.79 price reduction multiplier due to scale economy. Table 14 reports the 
cost of the PCMs taken in consideration. 

Table 14: PCMs cost 

PCM 
Material 

cost 
($/kg) 

Material cost (€/kg) 
for higher quantities 

Volumetric thermal 
capacity (kWh/m3) 

Density 
(kg/m3) 

Material Cost 
(€/kWh) 

Paraffin C-33 1,88-2,00 1,75 110,16 857,50 13,62 

Paraffin C-34 1,88-2,00 1,75 110,41 857,50 13,59 

Lauric Acid 1,323 1,19 66,00 938,50 16,96 

Stearic Acid 1,43-1,56 1,35 87,70 932,50 14,33 

Na2SO4*10H2O 22,46 1,72 130,88 1435,00 18,83 

Na2CO3*10H2O 24,90 1,90 138,96 1407,67 19,29 

Paraffin P116 1,88-2,00 1,75 66,30 801,50 21,15 
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Paraffin 5838 1,88-2,00 1,75 61,80 840,50 23,79 

Paraffin 6106 1,88-2,00 1,75 61,10 837,50 23,98 

CaCl2*6 H2O 1,98-3,96 2,68 103,85 1636,00 42,19 

Capric Acid 3,23 2,91 56,00 945,00 49,08 

MgSO4*7H2O 62,10 4,75 91,95 1180,00 60,95 

Na2S2O3*5 H2O 67,68 5,18 126,40 1675,00 68,59 

Na2HPO4*12 H2O 107,64 8,23 150,10 1481,00 81,22 

Ba(OH)2*8 H2O  103,50 7,92 192,62 2058,50 84,59 

Zn(NO3)2*6H2O 87,768 6,71 106,95 2015,83 126,52 

Zn(NO3)2*4 H2O 87,76 6,71 96,95 2044,75 141,56 

Al(NO3)2*9 H2O 101,84 7,79 70,00 1366,67 152,06 

Methyil-12 123,10 9,41 52,65 977,64 174,82 

CaBr2*6H2O 300,14 22,95 132,56 2075,00 359,31 

KF*2 H2O 365,34 27,94 95,30 1451,00 425,41 

Cerrobend 
Eutectic 

6,61 5,96 116,87 9615,48 490,63 

PCMs cost is just a cost item of the total cost of LHS systems. A cost breakdown (Figure 15), provided by [44], 
was exploited to obtain the different cost item for PCMs system, and the total cost. It is important to notice 
how, in the case of LHS system, the main expenditure is the purchase of PCMs material itself, while the tank 
cost, that was the cost item with biggest impact in SHS, is merely a 17% of the total cost. Exploiting the 
proposed cost breakdown, it was possible to obtain the specific cost (€/kWh) for LHS system, which is reported 
in Table 15. 

 

 

Figure 15: PCM tanks cost breakdown 
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Table 15: Latent Heat Storage system cost 

PCM Total System Cost ($/kWh) 

Paraffin C-33 31,66 

Paraffin C-34 31,59 

Lauric Acid 39,45 

Stearic Acid 33,33 

Na2SO4*10H2O 43,80 

Na2CO3*10H2O 44,86 

Paraffin P116 49,18 

Paraffin 5838 55,32 

Paraffin 6106 55,76 

CaCl2*6 H2O 98,11 

Capric Acid 114,15 

MgSO4*7H2O 141,74 

Na2S2O3*5 H2O 159,51 

Na2HPO4*12 H2O 188,89 

Ba(OH)2*8 H2O  196,73 

Zn(NO3)2*6H2O 294,23 

Zn(NO3)2*4 H2O 329,20 

Al(NO3)2*9 H2O 353,63 

Methyil-12 406,55 

CaBr2*6H2O 835,60 

KF*2 H2O 989,33 

Cerrobend Eutectic 1140,99 

According to [43], currently on the market LHS systems cost between 10€ to 50€. More than half of the 
compound listed in Table 15 exceed the upper bound, while none exceeds the lower one. Thus, compounds in 
between the two bounds are the only one considered for further analysis.  
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5.3. Outcome of the cost analysis 
Table 16 presents a summary of all the findings of the cost analysis, for each technology studied. 

Table 16: Summary table for cost analysis 

Summary  

Technology Cost (€/kWh) Technology Cost (€/kWh) 
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PCMs 

Paraffin C-33 31,66 
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Water Tank 

(0-1000) m3 8,01 

Paraffin C-34 31,59 (1000-10000) m3 3,19 

Lauric Acid 39,45 (10000-100000) m3 11,10 

Stearic Acid 33,33 (100000-1000000) m3 - 

Na2SO4*10H2O 43,80 

Pit 

(0-1000) m3 4,22 

Na2CO3*10H2O 44,86 (1000-10000) m3 3,02 

Paraffin P116 49,18 (10000-100000) m3 0,71 

Paraffin 5838 55,32 (100000-1000000) m3 - 

Paraffin 6106 55,76 

Borehole 

(0-1000) m3 - 
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(0-1000) m3 

Granite 8,96 (1000-10000) m3 1,14 

Limestone 8,66 (10000-100000) m3 - 

Sandstone 8,71 
(100000-1000000) m3 - 

Slate 8,82 

(1000-10000) m3 

Granite 4,15 

Cavern 

(0-1000) m3 3,38 

Limestone 3,85 (1000-10000) m3 1,69 

Sandstone 3,90 (10000-100000) m3 0,85 

Slate 4,01 (100000-1000000) m3 0,42 

(10000-100000) 
m3 

Granite 12,05 

Aquifer 

2 well 0,04 
Limestone 11,75 

Sandstone 11,80 4 well 0,03 

Granite 11,91 16 well 0,03 

Looking at the above table, and having in mind the outcomes of the technical analysis, some conclusions may 
be drawn: 

 As pointed out in the introduction of the section, size is a key parameter. For what concerns SHS 
systems using tanks (rock and water tank storage), the optimal configuration in terms of cost is found 
when the volume of the storage is in between 1000 m3 to 10000 m3. Having a very small, or a very large 
tank is not an optimal solution. In the first case, the fixed cost are disproportionate to the small 
volume; in the second case, instead, foundation and other installation elements exponentially grow 
with the size. For borehole, the lack of information does not allows a comparison. In the case of pits 
and caverns, specific cost and size are inversely proportional. Finally, aquifers are more related to the 
amount of wells dig to operate them, rather than the size of the aquifer. Increasing the number of 
wells decreases the specific cost, but increases the total cost of the system. 

 Water tanks are to be preferred to rock tanks, since the amount of energy stored per unit volume is 
much greater in water than in rocks, and at the same time their cost is relatively similar. 
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 SHS solution are still much cheaper than LHS, even in the case of the most developed and already on 
the market PCMs. Table 17 shows the compared behavior in terms of volume and cost of a water tank 
and a paraffin c-33 tank. For small and very large solution, water is about three times cheaper than the 
PCM. In its optimal size, instead, water is around ten times cheaper. 

Table 17: Compared behavior of water and PCM tank 

Energy stored (kWh) 
 Volume (m3)   Cost (€)  

 Paraffin c-33   Water   Paraffin c-33   Water  

500 4,54 8,61  €           15.832,40   €           4.002,87  

5000 45,39 86,08  €         158.323,96   €         40.028,69  

50000 453,89 860,83  €     1.583.239,62   €       159.725,89  

500000 4538,85 8608,32  €   15.832.396,24   €   5.548.752,75  

 
The two solutions are close in terms of investment cost for small-scale system, up to 500 kWh. When increasing 
the amount of energy stored, the PCM system results up to 10 times more expensive than the water one. The 
reason lays in the fact that the optimal sizing for water tank is in the 5000 kWh range, while the main cost item 
in PCM tanks is the storage media itself. Increasing the dimension means increasing the PCM to be purchased. 
This means that for small TES system at the customer side it might be better a LHS solution rather than a water 
tank, when not only cost, but also space occupation and other factors are taken into account. 
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6. Considerations on Policies Support  
The Swedish and the Danish DH sector are significantly different. Price is completely deregulated in Sweden, 
while in Denmark it is based on a cost recovery mechanism. DH in Denmark has a higher power in the heating 
sector due to the lack of alternatives. In Sweden, heat pump systems are the main competitors. Swedish 
companies are vertically integrated, while a sort of deregulation has been carried out in Denmark. Anyway, in 
none of the two countries a retail market is available, due to the economic burden of the T&D network. 

CHP has a key role in the Danish DH sector, while in Sweden has much smaller shares. This is related to the 
different development of the two sectors and of the electricity sectors. Nuclear energy and its related low 
electricity prices has halted CHP development in Sweden, while the abundant Danish natural gas supplies 
helped it. 

Both countries have a similar taxation on energy and emissions that aims at reducing the share of fossil fuel 
used in the countries. Subsidies have been granted to CHP in various forms, such as premium prices on 
electricity sales or tax exemption. Reductions on the energy and emission taxes are also available for certain 
heat producers. No direct subsidies were granted in Denmark, while in Sweden the government partially 
financed the switching from oil or electric heating to DH, heat pumps or biomass fired boiler. In addition, in 
Sweden, two programs granted funding for energy related project in between 1998 and 2008. DH projects 
among the other benefited of the two supporting schemes. Additionally, green electricity certificates are a 
further revenue for biomass fired CHP (-DH) plants in Sweden. 

A Third Party Access to the Swedish DH network has been proposed in 2011 from the Swedish Energy Market 
Inspectorate, to stimulate competition and increase the share of waste heat. The proposal became law in 2014, 
but it is unlikely that the effect of the law will contribute significantly to increase the share of waste heat into 
DH, since profitable collaborations in the field are already being exploited. 

For what concerns the integration of TES into the DH sector, the two countries act differently. Danish DH 
networks have already a centralized TES integrated in the system, in most of the cases. In Sweden, instead, the 
use of TES is not as spread as in Denmark. 

The two countries do not plan direct incentives on the installation of TES. Benefits brought by TES are to be 
seen in the global picture, when the storage is integrated into a broader system. It is the case of renewable 
energy technology. Considering the possibility of having an increase in the share of renewable energy sources 
in the DH fuel mix (a field in which TES plays a key role), achievable through switching to lower temperature 
systems, it is clear how a policy framework promoting the adoption of renewable energy technologies would 
inevitably incentive storage itself. 

The Danish government is already on this focus, since two million square meters of solar thermal collectors for 
district heating are forecasted to be built by 2020. Accordingly, incentives on the technologies are already 
available. Having in mind that TES is a key asset for solar technologies, it is clear the positive outcome of such 
regulation on the adoption of TES system. The results would be to drastically decrease the use of fossil fuel in 
the heat generation, therefore producing a significant reduction in emissions on a global and national level. 
Alongside to these subsidies, focusing on the installation of RES technologies, it would be important to 
recognize efforts of lower emitting networks. A possibility could be to reduce the energy tax levied on the non-
renewable resources used in the network. A similar strategy will lead to higher profits for the utilities in the 
long term, which might be reinvested to further increase the share of RES in the mix. 
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7. Scenarios 
The main outcome of the thesis is here presented. Different scenarios have been built in order to evaluate and 
assess the technical and economical profitability of integrating TES into a LTDH network. A case study has been 
developed to quantify the savings resulting from one specific scenario, and it is based on an already active 
LTDH network in Denmark. Other possible configuration of the coupling, focusing on configuration C (storage at 
the LTDH substation), are presented as well, highlighting TES characteristics, benefits for the owner and 
possible government action to incentivize these technologies. 

The possibility of adding a TES system to store energy from the main supply, upstream of the LTDH substation, 
has not been taken into consideration, since it is already often implemented in the case of CHP-based DH and 
its positive outcomes are mostly related to the DH network and the heat generation facility. For the same 
reason, configuration B, presented in “3. Research Approach”, has not been further developed.  

7.1. Central storage integrated with the LTDH substation 
The first option is to locate a distributed storage at the LTDH substation. The TES system is exploited to store 
extra energy in off peak time. The system will be charged from the LTDH supply, at a temperature of around 
55°C. TES system suitable for the scenario is the one of case C, reported in Table 8 and Figure 8. In addition, 
introducing a TES system allows to further decrease the LTDH return temperature, thus allowing a more 
efficient system operation and a reduction of losses to the environment. The strategy adopted to lower the 
return temperature is explained in detail in section “8.2.1 Lower return temperature”.  

The TES would be owned by the utility serving the DH network, since the benefits of this solution are totally in 
its favor. No direct incentive is suggested for this solution. However, adding a TES system at a temperature of 
around 60°C allows shifting to a more decentralized heat production, with the use of renewable energy sources 
to be exploited thanks to solar thermal, PVT or geothermal technologies. In this case, networks that exceed a 
certain threshold of heat generated from renewable sources can be incentivized through additional tax 
discounts. Having a network with higher shares of renewable heat generation already decreases the total 
amount of taxes paid on fuel usage. Incentivizing such networks will decrease the dependence from fossil fuel, 
not only on a regional scale, but also on a national one, and will reduce the pollutant emissions. 

For what concerns the TES itself, water tank is probably the most appropriate solution, in terms of cost and 
size. If space limitation plays a relevant role in the network, the use of PCM tank, more expensive than water 
tank, might become an option. In addition to cost consideration, it has to be evaluated if the LHS system is able 
to provide the needed thermal power output, thus meaning that the heat transfer has to be properly modelled 
to be able to satisfy the system requirements. The scenario is further developed into the “8. Case Study” 
section. 

7.2. Customer owned storage after the LTDH substation 
The TES system can be placed and owned not only from the utility providing heat, but also from the customer. 
In this section, two other possible configurations are proposed.  

7.2.1 Seasonal storage  
A possible situation that can incentive customers to implement a seasonal storage solution would be to have 
prices varying seasonally. This may happen in network were the cost of heat production in winter is 
significantly higher than the one in summer. For this reason, the utility might decide to adopt a seasonal price 
variation to follow the cost behavior. Therefore, a possible solution to guarantee savings to the customer could 
be to install a seasonal storage for the entire LTDH network. Storing heat in the summer, and using it to 
decrease the heat demand of the network in winter could be a solution to decrease the heating bill. The 
storage temperature should be around 55°C. 
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In addition, the utility supplying heat requires that water temperature from the customer substation must be 
lower than 46°C. A price incentive is often guaranteed in case the return temperature is decreased. In the case 
study network, the discount is of 10DKK/MWh/°C (around 1.35€) [49]. Installing a storage would lead to lower 
return temperatures, thus meaning additional savings on the heating bill. Lower return temperatures are 
achieved with a strategy similar to what explained in “8.2.1 Lower return temperature”, but on a seasonal 
operation. The idea is to charge the storage in summer, to exploit the lower heat price, and use the stored heat 
in winter, thus discharging the seasonal TES.  

Normally, in summer, the return temperature of the low-temperature network is higher than in winter, as it is 
in the case study (Figure 21). At the end of a discharge cycle (end of winter), the temperature of the TES is 
going to be lower than the summer return temperature of a couple of degrees. When it comes to charge the 
storage, water temperature is going to move from the LT supply temperature to the winter return 
temperature. When the flow exiting the TES is mixed with the return flow, its temperature is going to be 
inevitably lower. Figure 16 graphically shows the strategy adopted; the temperature figures are taken from the 
case study. The results of this particular operational strategy, applied to a seasonal storage, are improved if 
compared to the short term TES. In fact, the delta T that occurs between winter and summer return 
temperature is much higher (around 5°C in the case study) than the one happening on a daily basis (around 
2°C).  

 
Figure 16: Charging/discharging strategy to lower return temperature 

For what concerns the choice of the TES to be adopted, some considerations are to be mentioned. Some 
seasonal storage systems depend on the availability of natural resources, such as aquifers or cavern in the 

surrounding of the network. Having the possibility to install an ATES or a cavern-TES, the technologies with 
lower specific cost, might produce a positive impact on the customer bill in a short time. Technology such as big 
tank or borehole, instead, might be too expensive, in comparison to the savings, to justify such investment. 

As explained in the previous scenario, having a LT-TES opens up for a more distributed generation. The 
seasonal storage could be exploited to store energy from solar thermal technologies in summer, when their 
capacity factor is much higher than in winter. The incentives this time should be directed to promote the 
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installation of renewable heat generation technologies. This would result in shorter payback time for customer 
installing such technologies, and at the same time would guarantee even lower heating bill. 

7.2.2 Short-term storage  
Another possible solution would be to have a short-term storage, again owned by the customer. In order to 
apply successfully such TES, it is strictly needed for the heat price to have a daily variation, according to the 
cost of production. Most of the network supplies heat at a constant price throughout the day. In this 
hypothesis, a short-term TES owned by the customer becomes a possible solution to decrease the heating bill. 
Installing a TES would allow the customer to buy heat when its price is low, such as in off-peak time.  

However, a peak shaving solution might not bring enough savings to justify the investment. As it is suggested in 
the seasonal storage section, the TES would lower the return temperature, hence generating additional 
benefits. 

Another potential source of income is related to the possibility of installing solar thermal or PVT technology on 
the roof of the houses. As pointed out in the introduction, shifting from DH to LTDH allows the integration of 
higher share of renewable of relative low temperature in the network. TES is a key component for solar 
thermal and PVT technologies. Installing a TES sized to peak shave the consumption and to support the 
generation of heat on site can lead to high reduction on the energy bill.  

In this context, policies can play a key role. Incentives to install solar thermal, PVT or geothermal, can lead to 
significant savings on the customers’ bill. At the same time, an increased share of heat generation from 
renewable energy sources would decrease the use of fossil fuel at the utility side. In countries such as Denmark 
or Sweden, where high taxes are applied on emissions, a reduction of the fossil fuel usage leads to great 
savings. 

Allowing heat net metering might also generate positive outcomes for customers and on the global scale. Net 
metering is defined as the possibility for a consumer, connected to the network, to generate energy and feed it 
to the network, when it is not needed, receiving an energy credit. In this case, however, the TES would be 
represented from the DH network itself, as it happens with the power line system in the electricity net 
metering. Therefore, on one hand, a similar regulation would have positive outcomes on the adoption of 
renewable heat generation technologies, resulting in decreased heating bill for the customer and lower 
emissions from the network. On the other hand, however, it would not promote the use of TES, and it would 
require an adequate, and surely expensive, control system able to cope with the increased complexity of the 
network operation. 
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8. Case Study 
In the following section, the thermo-economic analysis conducted over an existing LTDH network is reported. 

First, the data available and the methodology applied are introduced. Then, the results are reported together 

with a brief discussion. 

8.1. Input/data 
In order to assess the benefit brought from a TES into an LTDH network, a case study has been implemented. 

The network taken into consideration is situated in an existing housing area called Sønderby in Høje 
Taastrup, a suburb of the Danish capital, Copenhagen [1]. The LTDH network is designed to serve 75 
houses, built in the 90s. Two to five people live in each house. The total area heated is of 11,230 m2. The 
piping network is 2743 meters long. Figure 17 shows the location of the houses and the network layout, 
confined from the red line. The network is operated from Høje Taastrup Fjernvarme, a Danish utility 
providing heat to the DH network in the area. 

 

Figure 17: Sønderby LTDH network [1] 

The LTDH network supply temperature is around 55°C, with a return of 30°C on average. The concepts used to 
provide heat to the network is the coupling with a normal DH network using a 3-pipe connection shunt 
arrangement, as shown in Figure 18, which exploits the heat carried in the main return and uses a small portion 
of the main supply to reach the desired temperature. The substation is an example of what shown in Figure 1a. 
The main input to the substation is represented from the main return, at a temperature of 48°C. The stream is 
mixed with the main supply, used in much smaller quantities. The main supply has a temperature around 80°C. 
The mixing process aims at achieving a supply temperature for the LT network in between 52°C and 55°C. Heat 
is then transferred from the main- to the LT-network in the substation, and finally to each load. Heat loads are 
both DHW and SH, in the form of floor heating. 



37 
 

 

Figure 18: 3-pipe connection shunt [1] 

 

Figure 19: Temperature and heat load throughout the year, adapted from [1] 

Figure 19 reports temperature of the different streams, as well as the heat load. This data were key to perform 
the analysis. The data set available is divided in 8760 time steps, one per each hour for an entire year. Each of 
the time step had the following information: 

 Temperatures, pressures and mass flow rates of the main network and of the LTDH network 

 Heat load 

 Outdoor temperature 

 Pump power 
Some important parameters are now reported in Table 18. The data regarding 2012 are after the system has 
been upgraded to the LTDH concept. As it is possible to see, applying the LTDH concept has improved 
significantly the performance of the network. 

Table 18: Parameters relative to the Sonderby network [1] 

Parameters New LTDH Design 2012 (meas.) 

Total heat delivered to LTDH network  MWh - 1227.7 

Heat demand  MWh - 1051.8 

Distribution heat loss  MWh - 175.9 

Distribution heat loss  % 15.0 14.3 

Heat power, yearly avg.  kW - 139.6 

Supply temperature, DH  °C - 77.7 

Supply temperature, LTDH network*  °C 55-52 55.0 
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Return temperature LTDH network*  °C 27-30 40.3 

Supply temperature, consumer substation  °C Approx. 50 53.0 

Return temperature, consumer substation  °C Approx. 25 37.9 

Electricity use, pumping station  kWh - 22,169 
 

8.2. Methodology 
A storage system may contribute to enhance the performance of the LTDH network. In the specific case, a 
possible solution would be installing a short-term TES system integrated right after the LTDH substation. The 
main benefit associated with TES system is the flexibility that the latter brings to the network. Flexibility is 
normally a benefit quite complex to evaluate into monetary results. The normal strategy is to apply a peak 
shaving or a load shifting analysis. In addition, in the specific case, an operational strategy was adopted to 
decrease partially the return temperature of the LT network. A lower return temperature brings numerous 
benefits to the global system. On one side, lower temperature means lower losses to the environment. On the 
other side, it can be translated into higher efficiency, meaning that less mass flow is needed from the energy 
carrier. Lower mass flow is equal to lower pump work, hence resulting in monetary savings. 

Therefore, the first step to evaluate the benefit of the storage consists in defining charging and discharging 
time of the data set. In order to have an easier evaluation, the data were averaged on a monthly basis. For 
each month, return temperature and load were plotted against the time of the day.  

In “Annex ” the 12 cases are reported. From the graphs it was clear how the bigger difference in return 
temperature was achieved in the hotter months, while in the colder one the return temperature barely varied 
during the day. Figure 20 shows the load, while Figure 21 shows the temperatures, aggregated on a seasonal 
basis. It is clear how the largest daily variation of return temperature occurs in summer, while in winter the 
same happens on the load. Considering what just said, the operational storage strategy was set in the following 
way: 

 Give priority to the load shifting activity in colder months (from November to April) 

 Give priority to the return temperature reduction in the hotter months (from May to October) 

 
Figure 20: Aggregate load profile 
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Figure 21: Return temperature variation 

Combining the given data with the fuel mix used in DH in Denmark in 2014, according to [27], and with the 
information gathered in the section “2.3.2. The Danish DH sector” it was possible to assume how the thermal 
load was covered. The breakdown is according to the Danish average fuel usage for DH networks, since no 
available data is found on how the heat generation is accomplished in this specific case study. The shadow 
areas, in Figure 20, are used to graphically see the heat generation mix, thus allowing defining the load shifting 
in an optimal way. The different technologies are ordered in the graph from the cheapest to the most 
expensive. The value obtained from [50], and adjusted to the Danish level by taking in consideration the 
different emissions and energy tax, as reported in Table 1, are reported in Table 19. Waste heat cost has not 
been included, since its value depends strongly from the typology of process behind the waste heat recovery. 
However, it has been assumed to be not more expensive than the biomass-fired CHP (BCHP). 

Table 19: Marginal cost of heat production, obtained combining information from [30] and  [50] 

 Biomass CHP Coal Boiler NG CHP Average Mix 

Cost (€/kWh) 0,014 0,059 0,033 0,0253 

Thermal Efficiency 50% 90% 50% 56% 

As it is possible to see from Figure 20, waste heat and BCHP are the base load, while natural gas CHP (NGCHP) 
and coal boiler are used to cover the higher peak demand. In particular, it is clear how in summer the demand 
is covered from the first cited technologies, while in spring/autumn, the use of NG-fired CHP is needed to cover 
the peak. In winter, finally, the use of coal boiler is requested to satisfy the peak demand. These inputs are 
particularly relevant when analyzing the peak shaving option.  

As mentioned before, the benefits are quantified following two different strategies, peak shaving and lowering 
return temperature. A different methodology has been applied to each strategy. A more detailed explanation 
of all the steps undertaken in the case study is reported in Annex 3. 

8.2.1 Lower return temperature 
Reducing the temperature of the main return has different significant advantages, as suggested from [51] and 
[52], which are now listed: 

a) Enhance heat generation efficiency 
b) Lower T&D losses, since lower temperature  
c) Increase electricity generation in a CHP unit 
d) Decrease pump work 
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The strategy adopted to lower the return temperature can be counterintuitive at first sight. The idea is to 
charge the storage when the LT network return temperature is high, and discharge it when it is low. The 
mechanism is shown in Figure 22. When the discharge process is completed, the temperature inside the 
storage is at around 28°C. When the charging cycle starts, water goes from the LT supply temperature to 
around 28°C. Since the charging process is executed with LT return at around 33°C, water coming from the TES 
circuit has lower temperature than the one coming from the load. Mixing the two streams allows decreasing 
the temperature of the flow returning to the substation (number 3 in the figure).  

 
Figure 22: Charging and discharging operational strategy in the To Be case 

Therefore, by looking at the scheme, it is possible to draw some equations to model the system. The As Is case 
has no storage. The mass flow to meet the load is determined from the enthalpy in point 1 and 2, as shown in 
Equation 1. In the To Be case, instead, a differentiation is needed according to precise period of operation. In 
discharging time, the load is met by the supply and a part of the energy stored. In Equation 2, the relation is 
shown. In the charging period, instead, the load is met just by the supply. An additional portion of mass flow is 
however added to store energy for later use. Equation 1, Equation 3, Equation 4 and Equation 5 are used to 
model the case. In time step in which no charging or discharging happens the As Is and the To Be case coincide. 
A clear sample of the results of the modelling of the system is reported in Annex . 

Equation 1 

𝐿𝑜𝑎𝑑 = �̇�1 ∗ (ℎ1 − ℎ2) 

Equation 2 

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔     𝐿𝑜𝑎𝑑 = �̇�𝑎 ∗ (ℎ𝑎 − ℎ𝑏) + �̇�1 ∗ (ℎ1 − ℎ2) 

Charging 
Equation 3 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = �̇�𝑎 ∗ (ℎ𝑎 − ℎ𝑏) 

Equation 4 

�̇�3 = �̇�1 + �̇�𝑎 

Equation 5 

�̇�3 ∗ ℎ3 = �̇�𝑎 ∗ ℎ𝑏 + �̇�1 ∗ ℎ2 
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The load of the To Be case is the same of the As Is one. The supply is instead modelled according to the 
charging/discharging. It was assumed an increase of 35% of the supply in the charging period of each of the 
month taken into consideration. The discharge is then modelled on the basis of the energy stored, and the 
results are reported in Table 20 . A storage efficiency of 95% has been taken into consideration in between 
each time step.  

Table 20: Charging and discharging variation over the original supply  

 May June July August Sept October 

Charging 35% 35% 35% 35% 35% 35% 

Discharging -16% -16% -16% -16% -17% -16% 

From Table 20 it is possible to see how the higher variation always occurs in charging periods. Against a 35% 
increase in the supply in the charging process, the supply is decreased around the 16% in the discharge in the 
considered period. The reason is related to the fact that the discharge cycle takes place over a longer time 
span, while the charging process is carried out just in the time steps with very high return temperature. From a 
general point of view, it means that the mass flow variations between as is and to be case are more marked in 
the charging period. 

Combining the new load pattern and the equation previously presented, the mass flows have been calculated, 
for the As Is and the To Be case. By exploiting the affinity laws, discussed in paper [51] and reported in 
Equation 6, it was possible to define the pump work of each time step. P is the pump work in kW, �̇� is the mass 
flow. Point 1 refers to the As Is case, point 2 to the To Be case. The difference in the pump work, times the cost 
of electricity, equal to 0.09 €/kWh [53], gives the savings obtained (Equation 7). 

Equation 6 

𝑃1̇

𝑃2̇

= (
𝑚1̇

𝑚2̇
)

3

 

Equation 7 

   𝛥�̇� = 𝑃1̇ − 𝑃2̇;       𝑆𝑎𝑣𝑖𝑛𝑔𝑠𝑖 =  𝛥𝑃𝑖 ∗ 𝐶𝑒𝑙 

In addition to savings in pumping work, a lower return temperature decreases the heat losses to the 
environment, resulting in savings in fuel input. Since the temperature is lowered once the return stream is 
mixed with the flow exiting the storage, it is very relevant to specify the location of the TES system. In fact, the 
benefits are brought to the system just in the piping section between the TES and the LTDH substation. If the 
system boundaries of the analysis are expanded to the entire network, the benefits obtained are more 
significant. However, the study focuses on the LT network only. Considering Figure 17, it is clear how the TES 
should be located at the first main bifurcation of the network. It is reasonable to assume that this point is at 
around 50 m from the LTDH substation. The other important parameter needed to evaluate the heat losses are 
reported in Table 21. λ is the thermal conductivity coefficient, L is the length of the network affected by the 
temperature variation, r1 and r2 are the inner and outer radius of the pipe. Tb is the outdoor temperature; Ta 
is the return temperature. In case As Is, the network operation parameters are not varied. In the To Be case, 
instead, when charging the storage the temperature is decreased according to the block of Equation 3, 4 and 5. 
Using Equation 8, it is possible to evaluate the heat losses.  

Table 21: Network data [1] 

Sønderby network 
data 

Pipes Length (m) λ (W/(m*K)) r1 (mm) r2 (mm) 

50 0.023 20 125 
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Equation 8 

�̇�𝑙𝑜𝑠𝑠𝑒𝑠 =
2𝜋𝜆𝐿(𝑇𝑎 − 𝑇𝑏)

ln (
𝑟2
𝑟1)

 

The difference between losses in the two cases gives the delta scenario. From the way it has been built, there 
must be a difference in heat losses only in TES charging time. Multiplying the heat losses times the average 
marginal cost of heat, from Table 19, it is possible to quantify monetary savings. The mathematical steps are 
reported in Equation 9 and 10. 

Equation 9 

𝛥𝑄𝑙𝑜𝑠𝑠𝑒𝑠,𝑖 = 𝑄𝑙𝑜𝑠𝑠𝑒𝑠,𝑎𝑠 𝑖𝑠,𝑖 − 𝑄𝑙𝑜𝑠𝑠𝑒𝑠,𝑡𝑜 𝑏𝑒,𝑖 

Equation 10 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠𝑖 = 𝛥𝑄𝑙𝑜𝑠𝑠𝑒𝑠,𝑖 ∗ 𝑐𝑎𝑣 

 

8.2.2 Load shifting savings 
The idea is to flatten the supply curve in order to avoid generating heat with the more expensive technologies. 
The storage is the key asset in this operating strategy. By shifting a certain amount of heat generation to off-
peak times, and storing it during time, it is possible to shave the peak. From one side, this will increase the heat 
generation during a daily cycle, due to losses in the storage, but at the same time should result in monetary 
savings. 

The strategy adopted to quantify the benefit is here explained. The maximum load in the year is around 320 
kW. Considering the heat generation share presented in Figure 20, it is clear how coal boilers account for a 
maximum of 48 kW, NGCHP for 80 kW and BCHP and waste (treated equally in this case) for the last 192 kW. In 
the coldest months (November to February), the peak involves the starting up of the coal boiler, while in March 
and April is the NGCHP to be switched on. Therefore, in the coldest month the maximum generation was set to 
272 kW (waste plus BCHP plus NGCHP), and in the last two months to 192 kW (waste and BCHP). Additional 
heat has therefore to be produced in off-peak time, not exceeding the limits just set. The new supply is shown 
in Figure 23. 

 
Figure 23: Load Supply in the To Be case 
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It is possible to see how all the supply curves have a much more regular behavior, if compared to the average 
one of the As Is case shown in Figure 20. For each time step, the cost of supply is calculated for both cases 
(Equation 11). The difference between the costs of supply of the two cases is the monetary saving brought 
from the storage to the system (Equation 12). From the way it is defined, in charging time the savings should be 
negative (thus being losses) since more heat is generated in comparison with the As Is case, while the opposite 
should happen in a bigger magnitude in the discharging time. 

Equation 11 

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑆𝑢𝑝𝑝𝑙𝑦𝑖 = %(𝐵𝐶𝐻𝑃𝑖 + 𝑊𝑎𝑠𝑡𝑒𝑖) ∗ 𝐶𝐵𝐶𝐻𝑃 + %𝑁𝐺𝐶𝐻𝑖 ∗ 𝐶𝑁𝐺𝐶𝐻𝑃 + %𝐶𝑜𝑎𝑙𝑖 ∗ 𝐶𝐶𝑜𝑎𝑙 

Equation 12 

𝛥𝑆𝑎𝑣𝑖𝑛𝑔𝑠𝑖 = 𝐶𝑜𝑠𝑡𝐴𝑠𝐼𝑠,𝑖 − 𝐶𝑜𝑠𝑡𝑇𝑜𝐵𝑒,𝑖 

In addition to the peak shaving, it is interesting to point out that most of the time the charging phase 
corresponds to high temperature return time, while in the discharge the temperature was generally lower. 
Hence, it is possible to apply the strategy of section “8.2.1 Lower return temperature” to quantify additional 
benefits. 

8.2.3 Sizing the storage 
The TES system to be installed has to be able to satisfy the storage capacity requirements of each month. This 
means that, the TES has to be large enough to allow a full charge/discharge cycle over a day, and at the same 
time not oversized in order to reach the required water temperature of 55°C.  

The storage capacity for each month is obtained from the sum of heat stored during a charging cycle. On top of 
the calculated capacity, a 10% oversizing has been applied. Two are the reasons behind this choice: first, to 
cope with variability in the load that might have not been taken into consideration, since the calculations have 
been carried out over a monthly average. Second, to avoid problem when completing the discharge cycle. A full 
discharge of the TES system is normally very difficult to be obtained [7], and therefore a slight oversize of the 
system is needed. Equation 13 explains the mathematical formulation used to calculate the stored heat over a 
daily cycle. The sum takes into consideration all the time steps in which the supply is higher than the load, thus 
when the storage is being charged. The storage capacity is then obtained multiplying the stored heat times the 
oversizing coefficient previously mentioned (Equation 14). 

Equation 13 

𝑆𝑡𝑜𝑟𝑒𝑑 𝐻𝑒𝑎𝑡 = [∑(𝑠𝑢𝑝𝑝𝑙𝑦𝑖 − 𝑙𝑜𝑎𝑑𝑖)

𝑛

𝑖=1

] 

Equation 14 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑆𝑡𝑜𝑟𝑒𝑑 𝐻𝑒𝑎𝑡 ∗ (1 + %𝑜𝑣𝑒𝑟𝑠𝑖𝑧𝑒) 

Clearly, due to the variation of the load, the storage capacity needed is not going to be constant throughout 
the year. It is not possible to assume to have a single TES system, but most likely, an array of TES connected in 
series is probably going to be the most suitable strategy to fulfill the storage capacity and the temperature 
requirements. The TES technologies taken into consideration are either water or PCM tank, since the case 
study focuses on short-term storage. Rock storage has been discarded because of its worse properties when 
compared to water as storage media. The PCMs available for this configuration are listed in Table 8. Some 
considerations have to be made when deciding the most suitable material. First, when the discharge cycle is 
taking place, the output temperature that is possible to achieve depends on the temperature of the TES itself. 
This means that, during the discharge, it will not be possible to reach the desired 55°C for the output water just 
with the storage itself. To reduce the effects of such problem, a possibility is to use a PCM with a phase change 
temperature (PCT) the closest possible to 55°C, thanks to the fact that the supply temperature of the LT 
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network is constant with minimal variation throughout the year. A second improvement regards the use of the 
main network flow to correct the output temperature. If the PCT is lower than 55°C, a portion of the main 
supply can be used to increase the temperature of the output water when needed. Finally, a third option can 
be to use a PCM with PC temperature higher than 55°C. In this case, however, the TES should be located 
upstream of the substation, and the output flow should be mixed with a colder stream to achieve the desired 
temperature for the LT network. The higher PC temperature would mean to enlarge the focus to the entire 
network, shifting from case C (TES coupled at the LTDH side) to case A (storing energy from the main supply).  

Having the above listed considerations in mind, and considering both the properties and the cost of the various 
PCMs available for this case, two paraffin compounds seem to satisfy at the best the requirements. It is the 
case of paraffin P116 and 5838. The latter has a higher PCT, around 50°C, but it costs 5 €/kWh more than the 
first compound. Another possible solution can be the salt hydrate Na2S2O3*5 H2O, which has a PCT of 49°C and 
very good properties in terms of volumetric storage density. However, its enormously higher cost does not 
allow taking the compound as a valid option. For all these reasons, the most suitable solution seems to be 
paraffin P116 that has a good trade-off in between thermal properties, PCT and cost.   

8.2.4 Investment assessment 
When all the benefits have been quantified, the profitability of the investment was evaluated. To size the 
storage, it was considered that a temperature around 55°C has to be reached at the end of each charging cycle, 
no matter the month. Considering that each month as a variable storage capacity, it was decided to meet this 
capacity through an array of TES system, connected in series. Once the size of the TES system is determined, it 
is possible to know its cost, depending on the chosen technology. In the case study, since relatively small 
quantity of heat is to be stored, the two available option were water or PCM tank. Considering that the storage 
temperature varies from around 25°C to a maximum of 55°C, the phase change temperature has to be in this 
temperature range.  

In section “Phase change materials” many PCMs have been presented with phase change temperature around 
45-50°C. In particular, paraffin P116 seems the most suitable PCM for the specific application. It has a high 
volumetric density, about the double of water in the same temperature range, but it costs around five times 
more for small system up to five MWh. When storing a significant higher quantity of energy, PCM systems 
become even more expensive compared to SHS system. Therefore, the analysis has been carried out on this 
compound and on a water tank. In the case of the PCM tank, the volumetric storage capacity has been re-
calculated on the specific delta T (between 55°C of supply and 30°C of return).  

Therefore, a net present value (NPV) analysis has been followed, with the parameters shown in Table 22. The 
discount rate is “the interest rate used to discount a stream of future cash flows to their present value” [54]. It 
normally varies from case to case, and it takes into account factors as the inflation or the willingness to take 
risk of the entity. 

Table 22: Main cost parameter for assessing the investment 

Parameter Discount rate (k) Lifetime (i) 

Value 8% 20 years 

First, the net cash flows have been calculated for every year, using Equation 15. Then, the NPV was calculated 
has shown in Equation 16. The discounted payback time was also evaluated. Payback time is defined as the first 
time step in which the cumulated discounted cash flow is bigger than zero. 
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Equation 15 

𝑁𝐶𝐹𝑖 = ∑(𝑆𝑎𝑣𝑖𝑛𝑔𝑠𝑖 − 𝐶𝑜𝑠𝑡𝑠𝑖)

𝑖

 

Equation 16 

𝑁𝑃𝑉 = ∑
𝑁𝐶𝐹𝑖

(1 + 𝑘)𝑖

𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑖=0

 

A positive NPV indicates that the investment brings benefits in its lifetime, a negative one the opposite. The 
payback time, instead, indicates the amount of time needed from the investment to start paying off and 
generate revenues. Finally, the IRR is the discount rate that brings to zero the NPV. High value of IRR means 
that the investment is profitable even with high discounts rate. 

8.3. Discussion on modelling assumptions 
In order to assess the profitability of coupling a TES system with a LTDH network, many assumptions have been 
taken in consideration. First, when considering the heat generation profile for Denmark, it has been assumed 
that the fuel mentioned as natural gas was all used in CHP plants. The reason lays in the fact that CHP covers 
almost 73% of DH demand in Denmark. The assumption is reflected into the thermal efficiency, much lower for 
CHP than boiler, and in the marginal cost of production. 

Furthermore it is most likely that the LTDH is served mainly from a single technology (NG-or B-CHP), with some 
boiler units for back up and peak coverage. Since there is no complete information available about, it was 
reasonable to use the Danish national average rather than assuming a single technology.  

Thermal efficiency of each technology was assumed according to value found in the literature, due to the lack 
of data. Waste heat used in the DH was treated as BCHP, because its cost, thermal efficiency, and other 
characteristics depend enormously on the process upstream. 

For what concerns the economic parameters taken into account, the annualization factor is normally a value 
between 4% and 10%, but that could reach value up to 15% as well. The lifetime of the investment is 
connected to the lifetime of the TES installed. 20 years is a good approximation for most of the tanks, PCM or 
water ones. It was not possible to quantify the variable cost occurring to maintain the tank on a per kWh basis. 
However, a maintenance and energy parameter is already included in the specific cost per kWh of each 
technology, as shown in “5. Cost Analysis” section. Hence, adding a variable cost would have generated a 
repetition of the same cost item. 

Finally, it has to be mentioned that the sizing strategy adopted aimed at shifting fully the load served by coal 
boilers. The optimal configuration is probably a trade-off between storage dimension and load shifted.  

8.4. Simulation/data processing 
The entire case study has been run on an Excel file. The possibility to filtrate data point according to time and 
date allowed an easy configuration of the different situation. The “if” function, built-in in excel, was used to 
skim through those data that were not influencing the return temperature reduction case. In addition, the X-
Steam macro was used to calculate the thermodynamic point of water in the different equilibrium points. This 
macro adds a numerous amount of function to the basics excel ones, that allow, for example, to calculate 
enthalpy, entropy and other relevant properties, giving in input normally pressure and temperature of the 
water flow. The X-Steam macro [55] is the equivalent of the X-Steam add-on on the software Matlab. In the 
investment analysis, the built in formula provided by Excel were exploited to calculate the NPV and the IRR. 
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8.5. Case Study Results and Discussion 
The results of the case study are presented in this section. By implementing the set of equation proposed, it 
was first possible to calculate savings related to load shifting, pump work and heat losses. Table 23 shows the 
obtained values. In the last column, the storage capacity needed in each month has been reported too. 

Table 23: Monetary savings for the case study and storage capacity 

 Load Shifting (€) Pump Work (€) Heat Losses (€) Storage Capacity (kWh) 

January 113 -5 0,0011 190,44 
February 136 -6 0,0011 244,68 
March 147 -8 0,0022 232,45 
April 73 -15 0,0047 162,90 
May 0 -14 0,0059 99,34 
June 0 -17 0,0072 84,25 
July 0 -2 0,0054 45,59 
August 0 -17 0,0071 59,61 
September 0 -14 0,0050 106,30 
October 0 -12 0,0048 165,98 
November 76 -9 0,0023 171,61 
December 54 -2 0,0007 87,30 

Heat losses savings are close to zero, as expected, because the pipe length improved was really a small 
percentage of the total length. However, when considering the entire system, a lower return temperature at 
the LT substation will result in lower temperature in the main return as well, thus reducing the losses in that 
section of the network. Since the boundaries of the case study were set at the LT substation, further analysis 
has not been performed. 

When analyzing the load shifting and the pump work, Figure 24 may be useful to have a more clear view of the 
behavior over the different months. 

 
Figure 24: Load shifting and pump work savings over time 

From the previous assumptions, no load shifting has been applied in the warmer months. In the colder months, 
both load shifting and pump power variations have been taken in consideration. The highest saving thanks to 
the load shifting are obtained in the first three months of the year, when shifting the load allows to avoid using 
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heat from coal boiler. In fact, the difference between the marginal generation cost of coal and NGCHP is higher 
than the one between NG- and B-CHP. It is interesting to notice how, when shifting the load from a coal 
generation to a NGCHP, the capacity needed is much lower in December than in any of the other months. The 
reasons behind this behavior derives from the smaller heat demand of December in average for the studied 
period. For April and November, instead, the peak shaved is NGCHP. The load is pretty similar in the two 
months, and it is reflected in the amount of heat stored. 

Results are unexpected, up to a certain degree, for what concerns the pump work. As it is possible to see in 
both Figure 24 and Table 23, the monetary return in this case is always negative, thus meaning losses for the 
utility. From a thermodynamic point of view, it means that the benefit of having a lower return temperature 
are not enough to compensate for the additional pumping work needed to operate the storage. In fact, the 
delta pump work in the charging time (pump work To Be – pump work As Is) is higher than the one in the 
discharge time, meaning that in the global delta case, the To Be case needs more pumping work to circulate 
the flow in the network and in the storage. The reason behind this behavior is the mathematical relation 
Equation 10 defining the relation of pumping work and mass flow rate. For a small increase of mass flow rate, 
the pump work is increased to the power of three. 

Considering what was just pointed out, it might be convenient to operate the storage just in the cold months of 
the year. In this way, the monetary losses related to pumping water in the hot month can be avoided, while for 
the other months they are needed to achieve the load shifting. With this specific operational strategy set up, 
the savings over a year of operation would amount to what shown in Table 23 if only the first four months and 
the last two of the year are considered. The benefit would amount to 553 €/year. 

At this point, once the benefits have been quantified, it is possible to proceed with the investment analysis. The 
storage size is the maximum of those presented in Table 23. The maximum storage capacity is 245 kWh. As 
explained before, in order to fulfill the requirements, an array of three tanks has been used. The first two tanks 
have a capacity of 80 kWh, while the third one has a capacity of 70 kWh. This solution is able to meet the 
requirements pointed out in the section “8.2.3 Sizing the storage”. Having one or three tanks has no impact on 
the cost, since both solutions are already in the most expensive cost range. For the two considered option, 
water- or paraffin P116 tanks, volume and cost requirements have been calculated, and are presented in Table 
24. 

Table 24: Properties of the two options  

 Water Paraffin P116 

Delta T/ Phase change T °C 25 45 

Storage Density kWh/m3 29,04 60,80 

Storage kWh 253 253 

Volume m3 9,19 4,39 

Specific Cost €/kWh 8,013 49,18 

Cost €   2027,29 12441,62 

The storage density of the two compounds have been re-calculated over the correct delta T of 25°C (low 
temperature of 30°C in the LT return and high temperature of 55°C in the LT supply). The much higher storage 
density of the PCM solution leads to a required volume of about half of the water one. However, the paraffin 
cost is six times higher. Having defined the cost and the benefit brought from the integration of a TES into a 
LTDH, the following investment results have been obtained. 
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Table 25: Investment results for the two cases 

 
Water Tank P116 Tank 

NPV (€) 3403 -7.012 

IRR 18% -8% 

Payback (Years) 5 21 

Looking at Table 25, it is clear to see how water tank performs best in monetary terms. The payback period is 
relatively short, and the return of the investment over its lifetime is positive. A quite high IRR is as well 
obtained. In the P116 tank, instead, the situation is the complete opposite. The investment in this case is not 
viable, due to the high cost. A reduction of the LHS cost is however expected in the future years and it will close 
the gap between the two technologies. 

From the economic point of view, it has to be pointed out the importance of the discount rate. In the case 
study, it has been assumed equal to 8%, but it is a parameter that is normally the outcome of a large number of 
different factors. Its actual value might vary from four-five % up to 15% or even more, depending from the 
situation. A sensitivity analysis conducted over this value reported that a 5% discount rate leads the NPV to a 
44% increase; a 15% discount rate has the results to decrease the NPV of around 60% and expands the payback 
period to six years. 

From a general point of view, it is clear how such investment would bring benefits in the short term to the 
utility owning the network. In addition to what it has been quantified in the case study, there are still other 
advantages that the TES brings to the network, and consequently to its owner. Assessing the advantages of 
having a more flexible network is not always simple, since the storage can be operated in many different ways 
rather than the load shifting, that was here evaluated.  

Integrating a TES just for the LTDH network may seem to be controversial, especially when considering the 
Danish case, where a TES is installed at the utility side. The benefits of a similar solution, which in monetary 
terms are not extraordinary, have to be analyzed from a broader point of view. It is true that installing smaller 
tanks is more expensive than a single one. However, when it comes to retrofit an already working network, 
increasing the storage capacity, either at the utility side or after the LTDH, means to purchase the same tank. 
Thus, if from the purchase point of view the solution is the same, the benefits are different according to where 
the storage is placed. A load shifting strategy can be implemented in both cases, with similar results. The 
difference lies in the part of network that can be improved by reducing the return temperature. A 
decentralized storage has an impact on a much wider section of the network than the centralized solution, 
resulting in lower losses to the environment that might bring considerable benefits.  
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9. Concluding Remarks 
This thesis analyzed the possibility of integrating TES systems into LTDH networks. A thorough study was 
conducted over the different TES technologies that are currently available on the market and over the 
legislative framework, which regulates the DH sector in Denmark and Sweden. Some possible scenarios have 
been proposed taking into account the main outcome of the background study. For one particular scenario, a 
case study has been developed in order to quantify the benefits of having a TES system into an already existing 
and operating LTDH network. 

From a general point of view, it was clear how the use of TES is able to increase the flexibility of the network, 
and in particular situations, to reduce the share of fossil fuel in heating generation. It is an important driver 
towards distributed generation, which leads to higher shares of renewable energy generation and less 
emissions.  

The technological analysis conducted over the different TES technologies highlighted the much better 
performance of latent storage over sensible storage, especially in terms of volumetric density. When 
considering the other important properties, such as hazardous behavior and thermal power output, sensible 
storage becomes more competitive, thanks to the simplicity of the system and of the storage media used. 

SHS systems are really different technologies one from the other. Water has generally better performance than 
a solid storage medium, and it is therefore the more used. Among the short-term TES, water tank are the one 
with best properties. For seasonal storage, the optimal system is not a unique one. The composition of the 
ground plays an important role. ATES systems are probably the most effective technology, but they strictly 
depend on the presence of an aquifer in the surrounding. The same holds for cavern TES. BTES, instead, are 
geomorphic independent, but require more time to be operational. 

A differentiation over volume is needed when studying the cost of SHS technologies. In fact, the lowest price of 
the various SHS system is achieved with different sizes. For water tank, a volume of around 5000 m3 
corresponds to the optimal cost, while for larger system (pit and cavern) the cost is inversely proportional to 
the volume. ATES cost is instead proportional to the number of wells used. Increasing the number of wells 
reduces the specific cost per kWh, but increases the total cost of the system. 

Among LHS solutions, salt hydrates and paraffin are the more developed PCMs, and present both good 
properties. Paraffin compounds have normally lower volumetric density, but compensate by being cheaper 
than salt hydrates. The saline compounds are instead slightly toxic, but non-flammable thanks to water 
molecules present in the substance. The other compounds studied cannot compete in terms of performance 
with these two categories. 

The cost analysis showed how PCM solutions are more expensive than SHS. The lowest cost for latent solution 
is around 30 €/kWh. This trend is connected to the high cost of the few PCM already on the market. Thanks to 
the ongoing research, however, PCMs cost is expected to decrease significantly in the next years. Considering 
the better performance of PCMs, such event would probably see the end of water based system hegemony in 
the thermal storage field. 

Three possible configurations have been proposed to integrate TES and LTDH. The first layout (case A), storing 
excess energy coming from the main supply to operate a load shifting is however already implemented in many 
cases, especially in Denmark. That is why it has not been considered as a possible scenario.  

Storing excess heat from the return supply, case B, might be economically convenient when the return 
temperature of the DH network is high enough to match the LTDH demands. Since the focus of the thesis has 
been on the LTDH, again, the option has not been further taken into consideration. It might be, however, a 
feasible business model that allows the utility to save money. 
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The third option, the TES storing at the LTDH supply temperature, has been the one on which this thesis has 
focused. The three scenarios proposed in section “7. Scenarios” refers all to this configuration layout. 

The results of the case study showed that the integration was feasible, but narrowly profitable, if a water tank 
was selected as TES. The payback time of 5 years is not the shortest, but still represents a satisfactory result. In 
the case of a PCM tank, instead, the high investment cost lead to not profitable option.   

It has to be pointed out that the operating strategy of the TES, applied in the case study, was just one out of 
the many different possible. In the case study, a cost reduction strategy was pursued, while a different goal 
could be to reduce the CO2 emissions or maximize the network efficiency. A regulatory framework that 
promotes efficient system or emissions reduction could incentive utilities operating LTDH system to approach 
TES solutions to benefit of possible subsidy. 

The other two options, consisting in having a distributed storage at the customer side, were unfortunately not 
explored, for a combination of factors, mainly lack of data on the customer side. Because of this further 
investigation should be conducted over the benefits obtained from a TES system into a LTDH network. The 
focus should be on scenarios with customer owned storage and substantial modification to the current 
legislation in order to incentive renewable energy technologies. 

The goals of the 2020 and the 2030 agreements (decrease in CO2 emissions, increase in renewable energy 
generation and increase in energy efficiency) are ambitious. The DH sector should contribute accordingly to 
help reaching them. A first step towards these goals is achieved through LTDH. Switching to the 4th generation 
DH reduces drastically the amount of heat supplied, allowing better matching the load and therefore having 
great impact on the energy efficiency indicators. Integrating a TES would help reaching the other two targets.  
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Annex 1 
Thermal Energy Storage State-of-the-Art-Analysis 
Thermal Energy Storage (TES) is defined as the property of a medium to be heated or cooled in order to store 
energy that can be later re-used for heating/cooling applications [43]. TES is basically the temporary “holding” 
of energy for later use [6]. Heat storage can be achieved in various ways: TES technologies are divided in three 
main categories, which are sensible heat storage, latent heat storage and thermo-chemical storage, as 
reported in Figure 25. 

 

Figure 25: Classification of Thermal Energy Storage [34] 

In this chapter, a state of the art analysis of the different technologies is developed. The analysis focus on 
sensible and latent heat storage, since these two categories are the most developed and ready to be integrated 
with a LTDH network [31].  

Different TES can be categorized according to many different factors: in addition to the above mentioned 
categories, they can be divided according to the storage duration (short-term or seasonal), according to the 
temperature or according to the type of material used. Table 26 shows a possible classification of materials 
according to the needed temperature and to the storage technique used. Temperature is limited to 150 °C due 
to LTDH constraints. 

Table 26: Classification of different storage material for temperature and storage technique, combining information from [7] [10] [36] 

Storage Type Very Low Temperature (0 °C to 15 °C) Low Temperature (30°C to 150°C) 

Sensible Heat Water Pressurized Water, Rocks 

Latent Heat C14/C16, Paraffin, Inorganic Salt, Hydrate 
Eutectics 

Inorganic Salt, Hydrate Eutectics, 
Organic Compound 

Chemical Reaction None Metal Hydrides 
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Depending on the application, several requirements are to be met by a storage medium, and according to [7] 
these are: 

1. High energy density in the storage material; 
2. Good heat transfer between the heat transfer fluid (HTF) and the storage medium; 
3. Mechanical and chemical stability of the storage material; 
4. Chemical compatibility between HTF, heat exchanger, and storage medium; 
5. Complete reversibility for a large number of charging/discharging cycles; 
6. Low thermal losses; 
7. Low cost; 
8. Low environmental impact. 

 

Sensible heat storage 
Sensible heat storage (SHS) consists in storing energy by changing the temperature of a storage medium, such 
as water, air, oil, sand, etc. [7]. The amount of energy input to a SHS system is proportional to the difference 
between the initial and final storage temperature, to the mass of the medium used and to its heat capacity 
coefficient. SHS undergoes no phase change during its functioning; therefore, heat stored in a sensible storage 
system can be quantified using Equation 17: 

Equation 17 

𝑄 = ∫ 𝑚 ∗ 𝐶𝑝 ∗ d𝑇
𝑇2

𝑇1

 

If the temperature difference is small enough, it is possible to approximate Cp as constant. The formula can be 
developed as shown in Equation 18: 

Equation 18 

𝑄 = 𝑚 ∗ 𝐶𝑝 ∗ Δ𝑇 = 𝜌 ∗ 𝐶𝑝𝑎𝑣 ∗ 𝑉 ∗  Δ𝑇 

where Q is the total heat stored [kJ], m is the  mass of the storage medium [kg], Cpav is the average specific 
heat capacity of the media between temperature T1 and T2 [kJ/kg*K], ρ is the density of the material [kg/m3], 
V is the volume [m3] and Δ𝑇 is the difference in temperature [K].  

Each material used to store thermal energy has its own positive and negative characteristic that allow a 
medium to be better than another in a specific application. Among the different properties, great importance is 
given to the volumetric thermal capacity (𝜌 ∗ 𝐶𝑝), that determines the specific heat capacity of the material in 
relation to the volume. Media with high heat capacity and high density are the most suitable for SHS, since 
they are able to store a big amount of energy in a relatively small volume. Another important parameter when 
comparing different media to be used in a SHS system is the rate at which heat can be released or extracted. 

In addition to the two properties listed above (high volumetric thermal capacity and high heat rate extraction), 
a material that suits well a SHS system must be stable under thermal cycling, has to be compatible with its 
containment, must have low cost, wide availability and simple handling [43]. 

SHS systems can be divided in two main categories: long-term (seasonal) storage or short-term storage. In the 
first case, hot and/or cold are stored during an entire season, and then used in the following one. It is the case 
of systems in which in winter, heat is used and cold is stored and in summer, the opposite phenomenon 
happens. In the second case, instead, surplus heat is stored in a medium and then is used to satisfy the demand 
in peak periods, on a daily/weekly basis. In Figure 26, the various media that can be adopted for both seasonal 
and short-term storage are presented. 
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Figure 26: Available media for short- and long-term sensible heat storage [6] 

Inherent disadvantages associated with sensible heat storage, as compared to latent heat storage, are the low 
storage density per degree temperature change and the large temperature range for storing energy [34]. 

Different materials can be used in SHS; as pointed out before, a very important parameter to be considered 
when choosing the storage medium is the volumetric thermal capacity that allows the system to be able to 
store higher amount of energy in lower volumes. The main materials to be used in SHS are reported in Table 
27. 

Table 27: Main material for SHS applications [7] 

Material Density (kg/m3) Specific Heat (kJ/kg K)7 Volumetric thermal capacity (MJ/ m3 K) 

Clay 1458 0.879 1.28 

Brick 1800 0.837 1.51 

Sandstone 2200 0.712 1.57 

Wood 700 2.390 1.67 

Concrete 2000 0.880 1.76 

Glass 2710 0.837 2.27 

Aluminum 2710 0.896 2.43 

Iron 7900 0.452 3.57 

Steel 7840 0.465 3.68 

Gravelly Earth 2050 1.840  3.77  

Magnetite 5177 0.752 3.89 

Water 988 4.182 4.13 

From the above listed materials, it is possible to see how the best material, if just volumetric capacity is taken 
into consideration, is water. However, it has to be mentioned that operational temperature of water is in the 
range of approximately 0°C to 100°C, which represent the freezing and the boiling temperature respectively at 
ambient pressure. Using pressurized systems increase temperature ranges for water, but their cost is higher 
than non-pressurized tank. Fortunately, despite the fact that this system is conventionally used in DH systems 
[8], in case of LTDH application, non-pressurized system are able to satisfy the temperature requirements. 

Water is the only material of Table 27 to be used in its liquid phase; all the other ones are to be used in solid 
phase. Solid media have normally a much higher density than water (except from wood), but a much lower 
specific heat capacity. Their operating temperatures are all in the useful range for LTDH. In addition to the 
above shown materials, few others are used in SHS: it is the case of oils or molten salts, which however are 
suitable for higher operating temperature than the one of LTDH. Some oils satisfy LTDH requirements (Caloria 

                                                           
7 At ambient pressure and temperature of 298.15 K 
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HT-43, Dowtherm or Therminol 55/66) but their high cost and the degradability in time do not make them 
interesting for LTDH application [36]. 

The main systems used to store sensible heat are water tanks, concrete tanks and rock or rock/water tanks in 
the case of short-term storage. For seasonal storage, there are aquifer, borehole and large water tanks. A 
schematic summary of the main properties of these technologies is proposed in Table 28 

Table 28: Thermal and cost properties of main SHS system, readapted from [6] 

Thermal and Cost Properties Concrete or 
Steel tank 

Rock Cavern Aquifer Pit 

Specific Thermal Capacity (kWh/m3K) 1,16 1,16 0,75 0,75 

Storage Efficiency 0,9 0,8 0,75 0,7 

Size Range (m3) 0-100000 50000-300000 50000-500000 50000-400000 

Cost of Energy (€/kWh) 0,82 0,44 0,14 0,33 
 

Water Tanks TES 
Water tanks are the most widespread technology in the field of SHS. The medium used to store energy is 
water, which is inexpensive and has high volumetric thermal capacity. Coupling water tanks with LTDH can be 
achieved in different ways. On a short-term basis, heat can be stored in off-peak periods, allowing to run the 
CHP unit at full electricity output and therefore maximizing the profit. In peak periods, the stored heat can be 
used to meet the load. Another option can be to shut down a CHP plant, or minimizing the electrical output, in 
a non-convenient (electricity price lower than variable cost of production) electricity generation period, and 
still meet the thermal load through the storage system.  

 

Figure 27: Possible configuration for a hot water storage tank [56]] 

In Figure 27, a possible configuration of a water tank is reported. In most of the case, water, used as a storage 
medium, is not the heat transfer fluid (HTF). In this case, the tank working principle implies two media, clearly 
separated: water inside the tank can be warmed up, left circuit, when excess heat is available. Heat is 
transferred from the plant to the tank through a heat transfer fluid that heats up water in the tank. The right 
circuit is instead used to supply heat to the costumer: a cold stream flows in the tank and receives heat from 
the hot water stored and then is directed to the demand. Charging and discharging phase may happens 
simultaneously. Heat exchanger are needed to allow the heat transfer. 
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The other possible configuration is a single medium setup, in which the same water stream is used as storage 
medium and as heat transfer fluid. No heat exchanger is therefore needed, resulting in a more simple and 
cheap system.  

Three are the important characteristics of this storage method, according to [6]: the tank should be stratified; 
heat loss from the tank should be minimized; the effective storage capacity should minimize the dead water 
volume (which is the area not included between inlet and outlet pipes). 

The use of thermally stratified tank is a technique to enhance water tank TES efficiency. A thermally stratified 
tank is a containment in which areas of different temperature should be hold with little or no mixing. No 
partitions are present inside the tank; hot water tends to float to the top of the tank, due to its low density, 
while cold water sinks to the bottom due to its high density.  

To ensure these properties, the materials used for the tank itself and for its insulation are very important. 
According to [15], steel, concrete and fiberglass are the materials of which the tank is normally made, while the 
insulation is obtained thanks to the use of glass or mineral wool or polyurethane, for a layer in between 10 and 
20 cm. The tank may be located underground or outside buildings. The underground location enhances the 
insulation, therefore resulting in lower expenses for insulation, but higher installation and operating expenses. 
According to [57], the insulating value of dry soil 10 meters thick is roughly equivalent to that of a layer of 
polyurethane foam 30 cm thick. However, it has to be highlighted that it takes around one year before the 
earth around the storage tank can reach equilibrium, and that the latter is reached through additional heating 
and drying processes that require a big amount of energy. 

The operating temperature of the system, in this case, ranges in between 0°C and 100 °C. Higher temperatures 
will lead water to vaporize; lower temperature will result in ice formation. Increasing pressure into the tank will 
allow to increase the maximum temperature, avoiding evaporation, but at the same time increasing the overall 
cost of the system.  

Finally, some practical aspects have to be met in order to minimize heat losses [6]:  

 The temperature difference between upper and bottom sections should be higher than 5-10 °C;  

 Mixing in the tank should be minimized, by properly installing water inlet and outlet to create an 
uniform flow of water;  

 Water flow rate should be low to allow efficient heat transfer between HTF and storage medium;  

 Water inlet and outlet has to be located the closest possible to the bottom and to the upper section 
respectively, reducing in this way to the minimum the dead water volume. 

One of the big advantages of this technology is that it is possible to scale it up without significant constraints. 
Therefore, water tanks can be a good solution for TES both at the costumer side (each building with a 
small/medium TES) or directly at the utility side, in large, underground, water tanks. In addition to the ability of 
scale up, the other advantages are [6] [15]: 

 Water is an inexpensive, abundant, easy to handle, non-combustible and non-toxic material 

 Water properties suits best SHS: it is the case of high volumetric thermal capacity 

 Simultaneous charging and discharging is possible 

 The storage efficiency is high, around 90%: losses are related to the heat transfer mechanism and for 
mixing problems 

However, some disadvantages exist too: water might freeze or boil if no pressurization is applied, it is corrosive 
(in a much smaller magnitude if compared to salts) and it is difficult to stratify [36]. The use of chemical 
additives may solve partially corrosion and freezing problems, while the use of demineralized water solves the 
corrosivity problem, but increases significantly the cost. Temperature ranges might be considered as a 
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limitation, but in the case of a LTDH, they are more an advantage since they fit perfectly the temperature 
operational ranges of these types of networks. 

Aquifer TES  
Aquifer storage (ATES) is a technology that consists in injecting hot/cold water into an underground water 
reservoir, and then extracting it when needed. The material that compose an aquifer is highly permeable to 
water, and the aquifer boundary are delimited from more impermeable layers such as clay or rock [7]. Aquifers 
are spread around the world, and are normally of great dimension, thus being suitable for large-scale storage 
system, from less than 50 to over 10,000 kW [6]. ATES systems are normally used for long-term storage, but in 
some cases is possible to store energy for shorted period up to a daily basis. A possible setup of an ATES system 
is shown in Figure 28. 

 

Figure 28: ATES typical configuration [58] 

The amount of energy an ATES is able to store depends from three main parameter: the allowable temperature 
change, the thermal conductivity and the natural groundwater flows. These three factors contribute to define 
the potential of an aquifer site, together with the energy recovery ratio, which is probably the most important 
characteristic, since it determines the amount of heat that can be recovered over the total amount of heat 
injected.  

ATES can be divided in two categories, which are deep confined and unconfined aquifers. The first category has 
some advantage deriving from its geophysical configuration, such as that: 
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 Groundwater flows at the regional level is usually negligible, meaning that the injected water is not 
displaced; 

 The thickness of overburden is high enough to prevent influence from the seasonal surface 
temperature variations; 

 The initial temperature is higher due to the natural geothermal gradient, thus resulting in lower heat 
losses to confining layer. The second category, however, is still being used in some countries. 

The second category, however, is still used in some countries, due to the lower expenses for well installation 
and monitoring.  

An ATES system is composed of the aquifer itself plus, at least, two wells field that are used to inject and 
extract water, water pumps for water circulation and the necessary heat exchanger to transfer heat from the 
HTF to the load. Wells are normally around 200 m deep and able to keep storage temperature in between 4 °C 
and 90 °C. In case of higher operational temperature, wells are drilled deeper in order to decrease heat losses [ 
[58]. Two wells are needed, one for operating the cold storage, one for the hot storage. As it possible to notice, 
ATES are very simple system in terms of components needed: the main cost associated is due to wells 
installation and maintenance. According to [6], ATES system normally results in saving 80% of cooling and 40% 
of heating costs. 

The most common problems that raise when building and operating an ATES are clogging, related to biofilm or 
microbial slime present in the aquifer, pipes corrosion, due to both chemical and electrochemical reactions and 
interference between hot and cold wells. In addition to these problems, the impact of an ATES on the 
surrounding aquifer and soil has not been deeply investigated. 

The main benefits, instead, of an ATES system coupled with a DH network are the following, according to [59]: 

 ATES scales well, being suitable for large thermal energy users to achieve great cost and efficiency 
benefits 

 Seasonal storage enables base and peak load to be met more efficiently; ATES applications are flexible 
to accommodate numerous configuration option 

 Well suited for campus DH systems, with room for separate cold and warm store areas 

 Innovative and efficient means of meeting sustainability and emission reduction targets 

All systems are designed for low temperature applications, therefore being very useful in the case of LTDH; 
normally both heat and cold are stored seasonally, however short-term storage is also possible. ATES working 
principle, for both short and long-term operation, is the following: 

 In case of seasonal storage, in summer heat demand is just related to domestic hot water (DHW). Space 
heating (SH) does not require energy, while there might be need of cooling power. Cold water is extracted 
from the cold well and used to cool down buildings. Water, which is heated up, is directed to the hot water 
reservoir, together with other additional hot water obtained from waste heat of industrial processes or 
other sources. In winter, instead, the situation is the opposite one. Hot water is needed for both SH and 
DHW. Hot water from the hot reservoir is used to match the demand in peak time, and cold water obtained 
after the heat exchange is then directed to the cold well.  

 In case of short-term storage, excess hot water is stored into the reservoir in off-peak period (typically 
nighttime). Vice versa, during peak demand period, hot water stored can be used to meet heating demand. 

Borehole TES 
A concept close to the aquifer one is the borehole (BTES). In this case, a seasonal storage is obtained by drilling 
vertical or horizontal pipes into the ground. The inserted tubes serve as heat exchanger, the HTF is normally 
water flowing into those pipes, while the storage medium is the soil surrounding the pipes [58]. Thermal 
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energy is transferred to the storage medium by means of conductive flow from a number of closely spaced 
boreholes [18]. A typical borehole system is the one represented in Figure 29. 

 

Figure 29: Borehole storage typical setup [60] 

In a standard BTES, normally, pipes are dug from 20 to 200 m deep into the ground. The material used for 
tubes is either plastic or polyethylene. The soil around the drilled pipes is filled with proper material to ensure 
good contact between pipes and the non-displaced soil, thus enhancing heat exchange. A single pipe has a U-
shaped, and it is linked with a central piping on the surface that is used to serve the loads. 

In the case of BTES, the operating mode is the following: in summer, water provides cooling power to the load, 
and return to the borehole heated up. Passing in the U-shaped pipes, it is cooled down tanks to the cold soil 
surrounding the system. In this way, in summer cooling is provided to the load while at the same time soil is 
heated. When winter comes, the operation is reversed, with heat extraction from the soil to meet heating 
demand. A schematic representation of the operation is shown in Figure 30, where summer operation is shown 
on the left hand side, and winter on the right hand side. 
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Figure 30: Summer (a) and winter (b) operation of a BTES [18] 

The main advantage of BTES over ATES is that it is not linked with the presence of an aquifer, thus allowing 
exploiting this solution in many more cases. In addition, from a more general point of view, the results of a 
BTES installation has smaller footprint on the local site and requires a relatively small area. The ground 
temperature and thermal properties are more stable in deep ground, thus resulting in a higher heat transfer 
rate. However, when compared to ATES, the heat transfer is not as flexible due to the lower power output of 
soil [58]. Finally, it is easily scalable in case of a load increase, since it is simply possible to add new pipes 
increasing automatically the storage capacity. The main drawbacks are connected to the high cost associated to 
drilling numerous pipes, to the long time needed before reaching steady state operation, typically in the order 
of 2 to 4 years [58], and to the complexity of the underground conditions of water and vapor movement that 
affect the overall performance of the system. 
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Rock and Water/rock TES 
Rock storage (RS) is a technique that uses solid materials as storage medium. The most common materials to 
be found for this specific application are pebbles, grits, rock piles, etc. Metal might be used in case higher 
thermal conductivity is needed, and price is not an issue [61]. In Table 27, some materials and their property 
are reported. The HTF is either air or water, and it flows in direct contact with the solid storage medium. The 
main advantage when using solid materials over water is that they can be used for temperature above 100 °C. 
However, in this case, the storage tank must be able to contain water at its vapor pressure, thus increasing 
again the cost for the containment [36]. This represents a major advantage in many processes, but not in the 
case of LTDH. 

Most of the time, rock bins are used in solar system as thermal storage. A possible rock/water storage 
configuration is shown in Figure 31. Figure 32 shows instead an only rock storage setup. 

 

Figure 31: Thomason’s method [7] 

 

Figure 32: Rock storage configuration [7] 

Figure 31 shows a storage system called the Thomason’s method. It consists of a water/rock storage tank 
supplied, normally, from a solar collector. Water in the tank is circulated to the solar collector. Space heating is 
provided through hot air that is circulated from the outside, heated when passing in the rock bed and then 
supplied to the load. The rock layers are heated from water, which slowly sinks to the bottom of the tank while 
cooling.  The entire system, rock plus water, is contained in insulated walls. The advantage is that the high heat 
capacity of the water and the extensive area of the inner container lead to an efficient transfer of heat to the 
air [61]. 

In Figure 32 a packed bed is instead shown. In this case, cold air is supplied to the solar collector, which heats 
up air. Hot air is then recirculated into the packed bed, where it cools down, transferring heat to the storage 
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medium (rocks). It is possible then to extract heat again, using either passive system or by adding pipes to 
supply heat actively to the load. 

The main advantages of using a solid medium are [7] [36] [61]: 

 Non-flammability and non-toxicity of rocks 

 Inexpensive storage medium, no leakages and O&M of solid storage is easier and cheaper than liquid 
storage 

 Rock acts both as heat transfer surface and storage medium, thus simplifying the setup and decreasing 
costs 

 The heat transfer between air and rock bed is good, due to the very large contact area. At the same 
time, the effective heat conductance of rock is low, due to the small contact area between rocks. Thus, 
heat losses from the pile are low 

 Rocks do not freeze nor melt in the normal operational temperature, especially if considering those of 
a LTDH 

The main disadvantage is that the volumetric thermal capacity is normally lower than the one of water, thus 
resulting in higher volume requirements for the same amount of energy stored: approximately three times the 
volume needed for water [7]. 

Solar Pond TES 
Solar pond is a simple and low cost technology that is able to collect and store solar energy. The most 
promising application are in the field of TES. They can be used for electricity production too, but the high cost 
associated are limiting the use of the technology in this field. A solar pond is simply a mass of shallow water 
with a depth ranging between one and two meters and a large collection area that acts as a heat trap [23]. 
Large collection area and presence of dissolved salts are the other key characteristics. A solar pond is excavated 
into the soil (if not naturally existent) and requires insulation at its border to be properly designed. The working 
temperature normally obtained range from to 90 °C [62] [63]. 

The most developed solar ponds are the non-convecting, salt gradient. Convection is a phenomenon in which 
hot water tends to flat to the surface, where it cools due to heat exchange with the colder ambient 
temperature and therefore sinks again, and therefore creating convecting movements due to the buoyancy 
effects. Non-convecting solar ponds, by avoiding convecting movements, are able to store thermal energy in 
the form of hot water in the lower layer. The salt gradient refers to the different salinity concentration in the 
pond. 

The pond is divided into three different layers, as it is possible to see in Figure 33, that are the surface layer, 
the non-convecting layer and the storage layer. The first one has normally a thickness of around 0.25 m, and a 
low but uniform salinity. The second one is instead characterized from a very steep temperature and salinity 
gradient, a thickness ranging between 0.8 and 1.5 (with its optimum in 1.0 meter, according to [62]). The main 
result of the layer is to stop convection. The third layer, of about 1 meter deep, is instead devoted to store the 
energy. Salinity and temperature are almost uniform.  

The working principle is represented in Figure 33. When solar radiation hits the surface of the pond part of it is 
absorbed from the surface, while the remainder is absorbed from the bottom. The temperature of water in the 
bottom rises, but the buoyancy effect is counteract from the high density associated with higher salt dissolved 
in the layer. Once gravity overcomes it, the fluid sinks to the bottom, where heat losses due to evaporation and 
temperature difference are minimal and convection is stopped. Hot water is therefore stored at the bottom of 
the pond, and it is available to be recovered at any time, without interfering the upper layers. 
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Figure 33: Solar pond structure [63] 

Many different parameters are key for the performances of a solar pond. First, the meteorological conditions 
of the location, such as ambient temperature, wind speed, solar radiation and precipitation level, have to be 
known in order to understand where to place the pond. Solar radiation and ambient temperature influence 
directly the storage ability of the system, while precipitation and wind speed must not exceed thresholds in 
order not to compromise efficiency and stability of the pond. Second, the geo-technical characteristics are to 
be studied to find a soil, such as clay that provides good insulation while being cheap and abundant. Finally, 
water has to be clear and transparent to solar radiation, to allow it to reach the bottom layer, and salt has to 
be purchased at a low price (below USD 15 per ton, according to [63]), due to the high quantity needed in the 
two lower layers. 

Latent heat storage 
Latent heat is the heat transfer that occurs when a material changes from a phase to another one (gaseous-
liquid-solid). Latent Heat Storage (LHS) are systems that exploit the phase change to store/extract thermal 
energy from the substance. Most of the LHS system exploits the phase change between solid and liquid phase, 
due to high heat storage density and low volume difference in the two phases. Ideally, during a phase change, 
the temperature remains constant, resulting in an important advantage of LHS over SHS since operating 
temperature swings are reduced to the minimum. The medium used for LHS is often referred to as phase 
change material (PCM). 

Heat stored in a LHT system can be evaluated with Equation 19: 

Equation 19 

𝑄 = ∫ 𝑚 ∗ 𝐶𝑝 ∗ 𝑑𝑡 + ∫ 𝑚 ∗ 𝑑ℎ(𝑇) + ∫ 𝑚 ∗ 𝐶𝑝 ∗ 𝑑𝑡
𝑇2

𝑇𝑝𝑐

𝑇𝑝𝑐

𝑇1

 

where the first and last integrals represent the sensible heat stored before and after reaching the phase 
change temperature, and the integral in the middle represents the latent heat stored in the phase change. Q is 

the total heat stored [kJ], m is the amount of mass of the storage medium [kg], Cp is the specific heat capacity 
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of the media [kJ/kg*K], h (T) is the phase change enthalpy [kJ/kg]. Tpc is the temperature at which the phase 
change happens, T1 is the initial temperature of the system and T2 the final one. 

Three are the main component for a LHT system: a heat storage substance that undergoes a phase change 
within the desired operating temperature, a containment for the storage substance and a heat exchange 
surface to transfer heat from the heat source to the storage substance and from the latter to the heat sink [6]. 

The most important properties a substance should have to be a good medium for LHT systems are [6] [34]: 

 High latent heat per unit mass 

 High storage density per unit volume and mass 

 Ability to fully reverse the transition 

 Appropriate transition temperature 

 Adequate thermal conductivity 

 Low vapor pressure 

 Chemical stability and compatibility with the container 

 Small volume difference in the transition 

 Non corrosiveness, non-toxicity and non-flammability 

 Low price and abundance 

LHS systems are technologies still in development, not yet at the commercialization stage as SHS. The main 
advantages of LHS over SHS are that it has higher storage capacity per unit of mass, resulting in lower space 
requirements, and that it has a small temperature difference during the phase change, resulting in an easier 
operation for the entire system. At the same time, some disadvantages are present. It is the case of the so-
called subcooling, an effect in which a temperature significantly below the melting temperature has to be 
reached, until a material begins to solidify and release heat. If that temperature is not reached, the PCM will 
not solidify at all and thus only store sensible heat. Another problem may appear when designing the heat 
exchanger that has to be capable of dealing with the not homogenous agglomeration of crystal floating in the 
liquid. A comparison between the main properties of LHS and SHS material is shown in Table 29 . 

Table 29: A comparison of materials for latent and sensible heat storage [13] 

Property Sensible Heat Storage Latent Heat Storage 

Rock Water Organic Inorganic 

Latent Heat of 
Fusion (kJ/kg) 

* * 190 230 

Specific Heat 
(kJ/kg) 

1,0 4,2 2,0 2,0 

Density (kg/m3) 2.240 1.000 800 1.600 

Storage mass for 
storing 1 GJ (kg) 

67.000 16.000 5.300 4.350 

Storage volume for 
storing 1 GJ (m3) 

30 16 6.6 2.7 

From Table 29, the advantages previously listed are clearly visible. To store the same amount of energy, a SHS 
system needs in between three and ten times more volume than a LHS system. A similar behavior can be seen 
when comparing mass requirements: the ratio is in this case even bigger.  
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Phase change materials 
Figure 34 shows a possible classification of PCMs, which are normally divided into three main group, which are 
organic, inorganic and eutectic compounds, which are defined as “blends of specific concentrations of either 
organic and/or inorganic materials” [13]. 

 

Figure 34: PCMs classification, readapted from [21] 

The most common organic compounds are paraffin and fatty acid, while the inorganic compounds include salt 
hydrates, salts and metallics. Eutectic are compound with specific composition, that normally leads to sharp 
melting/freezing temperatures without phase separation [13]. Each category has its own advantages and 
disadvantages that are listed in Table 30. The most important property when deciding which PCMs is to be 
used for coupling with LTDH network is the phase change temperature. According to what highlighted in the 
previous sections, the temperature range in which the TES can work varies between 40 °C and 110 °C. 
Therefore, phase change temperatures of PCMs have to be in this range in order to be properly coupled with a 
LTDH network. Figure 35 shows the melting point of different categories of materials. Other relevant 
characteristics are the amount of heat released when changing phase, the thermal conductivity and the density 
that is key in determining the volumetric thermal capacity. Chemical characteristics such as stability, 
corrosivity, toxicity and flammability and economic parameters are as well to be considered.  

Table 30: Different properties of PCMs [13] 

 Organic Inorganic Eutectic 

P
ro

s 

Self-nucleating 
High volumetric storage density 

(180-300 MJ/m3) Sharp melting/freezing point 
Chemically inert and stable Higher thermal conductivity (0.7 

W/m*K) No phase segregation 
High volumetric storage density 

Recyclable Low volume change 

Available in large temperature 
range 

Non flammable - 

C
o

n
s 

Flammable Subcooling 

Limited availability 
Low thermal conductivity (0.2 

W/m*K) 
Phase segregation 

Low volumetric storage density 
(90-200 MJ/m3) 

Corrosion of containment 
material 
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Figure 35: PCM melting temperature [12] 

Figure 35 shows clearly that, when analyzing PCMs to be coupled with LTDH, the main groups to be taken into 
consideration are paraffins and salt hydrates. Fatty acids and other non-paraffin organic compounds are as well 
in the feasible range. Sugar alcohols have probably a too high phase change temperature for the specific 
coupling with LTDH. Metallics are not present in Figure 35, but are as well to be studied since the melting 
temperature of some of them is in the feasible range, according to [37], as it will be shown in the following 
sections.  

Paraffins 
Paraffins are a subcategory of organic PCM, with a chemical structure of mostly “straight chain n-alkanes CH3-
(CH2)-CH3” [22]. The crystallization of the (CH3) chain releases a large amount of heat.  Only technical grade 
paraffins are available for TES solutions, mainly due to the very high cost of pure paraffin waxes. Paraffins are 
obtained commercially from petroleum distillation and usually come as a mixture of hydrocarbons; hence, they 
present a melting temperature range more than a sharp phase change point [12]. The main properties of this 
material are chemical stability (below the temperature of 500 °C), reliability and predictability, non-corrosivity, 
no subcooling and low vapor pressure in the liquid form. On the other side of the medal, paraffins present low 
thermal conductivity, are not suitable to be used in plastic containment since this may lead to stability loss and 
are flammable [6] [34] [64]. The change in volume during the transition is about 10%, hence representing only 
a minor problem [6]. Their melting points range in between 5 °C and 80 °C, depending on the paraffin used 
[37]. Some already commercialized paraffins properties are reported in Table 31. 
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Table 31: Properties of available paraffins [33] [65] 

Paraffin 
Phase Change 

Temperature (°C) 
Latent Heat of 
Fusion (kJ/kg) 

Thermal 
Conductivity 

(W/m*K) 

Density (kg/m3) 

Solid (20 
°C) 

Liquid (70 
°C) 

6106 (a) 42-44 189 0.21 910 765 

P116 (b) 45-48 210 n.a. 817 786 

5838 (a) 48-50 189 0.21 912 769 

6035 (a) 58-60 189 0.21 920 795 

6403 62-64 189 0.21 915 790 

6499 (a) 66-68 189 0.21 930 830 

Paraffin C33 73.9 268 0.21 920 795 

Paraffin C34 75.9 269 0.21 920 795 
(a)Manufacturer of technical grade paraffins 5913, 6106, 5838, 6035 and 6499: Ter Hell Paraffin Hamburg, FRG. 

(b) Manufacturer of Paraffin P116: Sun Oil Company, USA. 

Fatty acids 
Fatty acids are another organic compounds category that is available to be exploited for TES. Fatty acids are 
basically carboxylic acids with long aliphatic chain compounds. They are derived from phospholipids or 
triglycerides. The main chemical difference between paraffin and fatty acids is that instead of the CH3 group(s) 
there is a COOH group. Each of the characteristics shown in Table 30 apply to this category except from the fact 
that fatty acid, due to their acidity are mild corrosive. The most relevant fatty acids are reported in Table 32 , 
together with their key properties. 

Table 32: Fatty acids compound [35] 

Compound Phase Change 
Temperature (°C) 

Latent Heat of 
Fusion (kJ/kg) 

Thermal Conductivity 
(W/m*K) 

Density 
(kg/m3) 

Capric Acid 
32 152.7 0.149 (liquid, 40 °C) 

886 (liquid, 
40 °C) 

Methyl-12 
42-43 120-126 n.a n.a 

Lauric Acid 
42-44 178 0.147(liquid, 50 °C) 

870 (liquid, 
50°C) 

Myristic acid 
49-58 186.6-204.5 n.a 

844 (liquid, 
80°C) 

Palmitic acid 
64 185.4-203.4 0.165 (liquid, 80 °C) 

847 (liquid, 
80°C) 

Stearic acid 
60-70 186.5-203 0.172 (liquid, 70 °C) 

848 (liquid, 
70°C) 

Acetamide 
81 241 n.a n.a 

Methyl 
fumarate 

102 242 n.a n.a 

Latent heat of fusion are close to the one of paraffins, thermal conductivity is instead even lower when 
compared with paraffins. If from a technological point of view, fatty acid behavior is similar, if not better, to the 
one of paraffins, it has to be pointed out that their cost is higher, normally around the double of paraffins. This 
is the major drawback. 
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Other organic compounds 
Sugar alcohols are some of the other organic compound to be exploited as PCMs. Their properties are very 
similar to the other analyzed organic compound, with the big difference that they are most suitable for 
medium range temperature. They have high phase change enthalpy, are normally low-cost and non-toxic. In 
Table 33, some sugar alcohol suitable for LTDH have been listed. 

Table 33: Sugar alcohols suitable for LTDH applications [38] 

Compound 
Phase change 

Temperature (°C) 
Latent heat of fusion 

(kJ/kg) 
Density (kg/m3) 

Erythritol 117-121 340-344 1.45 

Xylitol 92.7-94 246-260 1.52 

Sorbitol/Glucitol 55-110 166-173 1.49 

In addition to sugar alcohols, some of the esters, glycols and clathrates are also identified as potential PCM. 

Salt hydrates 
Salt hydrates are alloys of inorganic salts and water forming a typical crystalline solid. The general chemical 
formula is AB*nH2O, where AB is the inorganic salt [36] [37]. The phase change processes of hydrated salts are 
the processes of hydration and anhydration. Hydration corresponds to melting, anhydration to freezing.  The 
two processes in detail are shown in Equation 20 and in Equation 21  

Equation 20 

𝐻𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛: 𝐴𝐵 + 𝑛𝐻2𝑂𝐴𝐵 ∗ 𝑛𝐻2𝑂 + 𝑄1 

Equation 21 

𝐴𝑛ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛: 𝐴𝐵 + 𝑛𝐻2𝑂 + 𝑄1𝐴𝐵 + 𝑛𝐻2𝑂 

The main advantages of salt hydrates over the other PCMs are [6] [22]: 

 Wide phase change temperature range, due to large amount of different salts; 

 High latent heat of fusion per unit volume (around the double of organic compounds); 

 High thermal conductivity (around two times paraffins one); 

 Slightly toxic, non-flammable; 

 Limited corrosivity, compatible with plastic container; 

 Abundant and cheap in the market. 

Two are the drawbacks associated with this type of compound. First, they normally face incongruent melting, 
meaning that water of crystallization is not sufficient to dissolve all the solid phase present. Solid salt settles at 
the bottom of the tank due to its higher density, and it is not available to be used again for the reverse process 
of freezing. The results are a non-reversible melting-freezing that reduces significantly efficiency of the TES. To 
solve this problem, the PCM can be subject to mechanical stirring or it can be encapsulated to reduce 
separation; gelling or thickening agents can be added to the solution, or excess water can be used to allow 
complete dissolution of salt and avoid super-saturated water. 

The second problem is the phenomenon of super-cooling. At the fusion temperature, the nucleation rate is 
very low, thus resulting in temperature lower than the fusion one to effectively discharge energy. The easiest 
way to overcome the problem was proposed by General Electric scientist, who developed a rolling cylinder 
vessel, rotating at around 3 rpm.  If such a speed is kept, chemical equilibrium is reached, nucleation on walls is 
prevented [33]. The rolling cylinder results are a complete phase change, 90-100% latent heat released, 
repeatable performance over 200 cycles, high internal heat transfer rates and uniform freezing.  

The suitable salt hydrates are reported in Table 34, together with their main properties. 
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Table 34: Salt Hydrates [37] 

Compound Phase Change Temperature (°C) Melting Enthalpy (kJ/kg) 

LiNO3*2H2O 30 296 

LiNO3*3H2O 30 189 

Na2CO3*10H2O 32 267 

Na2SO4*10H2O 32 241 

KFe(SO4)2*12H2O 33 173 

CaBr2*6H2O 34 138 

LiBr2*2H2O 34 124 

Zn(NO3)2*6H2O 36 134 

FeCl3*6 H2O 37 223 

Mn(NO3)2*4 H2O 37 115 

Na2HPO4*12 H2O 40 279 

CoSO4*7 H2O 41 170 

KF*2 H2O 42 162 

MgI2*8 H2O 42 133 

CaI2*6 H2O 42 162 

K2HPO4*7 H2O 45 145 

Zn(NO3)2*4 H2O 45 110 

Mg(NO3)*4 H2O 47 142 

Ca(NO3)*4 H2O 47 153 

Fe(NO3)3*9 H2O 47 155 

Na2SiO3*4 H2O 48 168 

K2HPO4*3 H2O 48 99 

Na2S2O3*5 H2O 49 210 

MgSO4*7H2O 49 202 

Ca(NO3)2*3 H2O 51 104 

Zn(NO3)2*2 H2O 55 68 

FeCl3*2 H2O 56 90 

Ni(NO3)2*6 H2O 57 169 

MnCl2*4 H2O 58 151 

MgCl2*4 H2O 58 178 

CH3COONa*3 H2O 58 265 

Fe(NO3)2*6 H2O 61 126 

NaAl(SO4)2*10 H2O 61 181 

NaOH* H2O 64 273 

Na3PO4*12 H2O 65 190 

LiCH3COO*2 H2O 70 150 

Al(NO3)2*9 H2O 72 155 

Ba(OH)2*8 H2O  78 265 

Mg(NO3)2*6 H2O 90 167 

KAl(SO4)2*12 H2O 91 184 

MgCl2*6 H2O 117 167 
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Metallics 
Metallic PCMs and metallic composites are mostly suitable for high temperature applications. They normally 
exhibit high heat of fusion when compared with salt hydrates. Numerous researches are going in metallic salts 
to improve their properties and to propose a new potential PCM for high temperature applications. 

The main advantage of this category is the very high heat of fusion per unit volume. Other important properties 
are the high thermal conductivity, unusual for most PCMs, low specific heat and relatively low vapor pressure. 
Despite their advantages, they have not yet been considered as a PCM due to weight penalties for the most 
common application. They are becoming, however, interesting for aerospace application [22] [33]. Some 
suitable metallics are reported in Table 35. 

Table 35: Metallics suitable for LTDH application [37] 

Compound Melting Point (°C) Latent Heat of Fusion (kJ/kg) 

Gallium-gallium antimony eutectic 29,8 – 

Gallium 30 80,3 

Cerrolow eutectic 58 90,9 

Bi-Cd-In eutectic 61 25 

Cerrobend eutectic 70 32,6 

Bi-Pb-In eutectic 70 29 

Bi-In eutectic 72 25 

Bi-Pb eutectic 96 – 

Bi-Pb eutectic 125 – 
 

Performances enhancements  
In addition to what introduced before in the various PCMs category, it is possible to adopt some techniques to 
enhance the performance of PCMs. Encapsulation is one of these techniques. Two are the type of 
encapsulation: macro- and micro-encapsulation. The idea is to lock the PCM in physical boundaries smaller 
than the entire TES volume. Encapsulation allows to hold the liquid phase and to avoid contact with the 
external environment. Macro encapsulation is obtained by filling the PCM in a macroscopic containment, such 
as metal or plastic bags, that has the dimension ranging between several ml up to several liters. If the container 
is rigid enough, mechanical stability is obtained too. In micro-encapsulation, instead, the PCM is locked into a 
much smaller containment (1 µm to 10 µm). The material used for the encapsulation is a solid shell, normally 
made of urea-formaldehyde resin, melamine-formaldehyde resin or gelatin gum Arabic. Besides the advantage 
obtained as well in the macro process, micro-encapsulation allows to limit phase segregation to very short 
distance, it enhances heat transfer thanks to the large surface to volume ratio and improves cycling stability 
too. The main drawback is the possibility of increasing subcooling. Salt hydrates, in addition, may face the 
problem of changing their composition due to the tightness of the shell material on the small water molecules 
[6] [66]. 

Other enhancements can be obtained in terms of mechanical stability and thermal conductivity improvement. 
The first property can be enhanced by embedding the PCM in the matrix of another material. A composite is 
obtained, normally called shape-stabilized PCM (ss-PCM), in which the PCM is kept into the supporting 
structure. In this way, it is possible to cut the composite in the shape needed, avoiding leakages of PCM 
without the necessity of a containment [66]. 

Thermal conductivity may represent a major problem due to the inherent low values of all PCMs. Low thermal 
conductivity means difficulty in transferring heat from the TES to the load. A solution is represented from 
adding materials with larger conductivity into the PCM, such as metals on a macro scale or composite on a 
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micro scale. Other options are the possibility to put the PCM into metallic foams or to add graphite to paraffins 
or salt hydrates specifically [66].  

Possible system configuration 

Heat transfer 
One important factor to be considered, when design a LHS system is how to transfer heat. Heat transfer from 
the storage medium to the HTF is normally obtained through three possible configuration, Figure 36, which are 
[33]: 

A. Heat transfer on the storage surface 
B. Heat transfer on the internal heat transfer source  
C. Heat transfer by exchanging the storage medium 

 

Figure 36: Types of heat transfer storage design: exchanging heat at the surface of the storage (left), on surfaces within the storage 
(middle) or by exchanging the HTF (right) 

In the first case, low power is typically obtained due to the reduced heat transfer surface to volume ratio. Its 
use is mainly for temperature control application, where the important parameter is the phase change 
enthalpy. To increase power, the best option is to simply increase the transfer surface, since the other options, 
increasing the heat transfer coefficient or the temperature gradient, are determined from the system. 

In the second case, the heat transfer surface is much larger than in the first case, thus increasing considerably 
the power. This means that a faster heat transfer rate can be achieved; the main application for this 
configuration are in the field of re-use of energy, such as waste heat, that is transferred to the storage medium 
and used later when demanded. The working principle and the performance of this system are reported in 
Figure 37. The HTF flows inside the TES in direct contact with the PCM, releasing or absorbing heat depending 
on the necessity. The temperature the HTF is able to reach is lower than the PCM temperature, due to heat 
transfer losses in the process.  
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Figure 37: Heat exchanger type storage: principle (left) and general performance (right). The dashed line indicates the result for a 
sensible heat storage using the heat transfer fluid only [31] 

Some modifications may be made in order to increase heat transfer. It is the case of the direct contact and 
module sub-configurations. In the first one, the PCM is free to move in the storage containment, thus 
eliminating walls that reduce heat transfer. PCM and HTF have to be immiscible and with different densities to 
allow the correct functioning of the system. Convection is exploited to increase heat transfer. In the second 
one, instead, the PCM is macro-encapsulated. In this case, the main advantages are related to the 
encapsulation characteristics, whose benefits have been explained in the “Performances enhancements” 
section. 

Finally, the third configuration is used when PCM are so small in dimension to be able to leave the storage 
together with the HTF. In this case, a good amount of stored heat is available to be transferred without any 
type of heat exchange; hence, HTF and storage medium become the same. The medium used in this application 
are normally phase change slurry or liquid. The surface to volume ratio is maximized, as well as the heat 
transfer. The main advantages over the other two systems are the increased storage density, the higher power 
and the improved heat transfer. 

Applications 
When considering the coupling of LHS systems with a LTDH network, the possible application and or 
configuration are drastically reduced. In fact, many configurations are based on the usage of PCM in passive 
systems, such as integrating PCMs with walls or pavement, in which the solar radiation or other waste heat are 
stored in the PCM. The goal of these configurations is normally to achieve determined temperature for space 
heating that are comfortable and satisfy the requirements. When analyzing the possibility of storing thermal 
energy from the district heating networks, the most common configuration is represented by a simple tank 
filled with a PCM. The heat transfer technique used is very likely to be the one with the internal heat transfer 
source.  

The working principle can be one of the three explained in “2.2. Thermal Energy storage in Low Temperature 
District Heating Networks”. Heat coming from the DH- or directly from the LTDH-network is stored in 
determined period of time, simply by passing water (the HTF) into the tank. The discharge process is obtained 
in the same way, by flowing water that is later going to be mixed with the network flow. For this reasons, 
operating temperature and its fluctuation, daily or seasonal, has to be carefully taken into consideration when 
defining which PCM is to be used.   
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Annex 2 
The monthly load curves and the LT return temperature available in the case study are reported in Figure 38, 
Figure 39, Figure 40, Figure 41, Figure 42, Figure 43, Figure 44, Figure 45, Figure 46, Figure 47, Figure 48 and 
Figure 49. 

 

Figure 38: January profile 

 

Figure 39: February profile 
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Figure 40: March profile 

 

Figure 41: April profile 
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Figure 42: May profile 

 

Figure 43: June profile 
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Figure 44: July profile 

 

Figure 45: August profile 
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Figure 46: September profile 

 

Figure 47: October profile 
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Figure 48: November profile 

 

Figure 49: December profile 
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Annex 3 
A more detailed explanation of the steps that have been followed to develop the case study results is here 

reported. Complementing what was shown in the section “8.2. Methodology”, it aims at providing enough 

information to replicate the study. 

The initial data were presented in Figure 19. A spreadsheet was available with data for all the time steps (a year 

of recording on an hourly basis). The first step undertaken consisted in averaging the data over a monthly basis, 

to simplify the following calculations. For each hour of the day, a monthly average of the available parameters 

was calculated. An example of the data seta is shown in Figure 50. 

 
Figure 50: Example of average data set for the month of January 

Then, depending on the month and starting from the load of the As Is case, the one shown in the last column of 

Figure 50, the To Be load was calculated. For months November to April, the load shifting strategy was applied, 

while in the remaining months the load was modelled to charge the TES in time step with high return 

temperature and discharge it in low return temperature time step. In Table 36, a depiction is proposed. Green 

shaded time steps represent the charging cycle of the storage, while orange time steps the discharging process. 

It is possible to notice how the charging cycle of the lower return temperature strategy takes about two hours 

more than its discharge. This behavior is the reason why savings from this operational strategy are actually 

losses.  

Table 36: Load modelling in the two strategy 

Out Pump Load 

Temp Temp Press massF Temp Press massF Power Press Temp2 massF Temp Press Supplied

Time °C °C bar kg/s °C bar kg/s kW bar °C kg/s °C bar kW

January 0:00 -0,70 89,25 3,50 0,44 45,58 2,49 1,70 2,75 8,51 54,97 2,14 28,58 2,49 237,21

January 1:00 -1,26 89,54 3,46 0,47 45,17 2,46 1,69 2,77 8,50 55,00 2,16 28,52 2,46 240,05

January 2:00 -1,19 89,62 3,44 0,48 45,06 2,46 1,73 2,82 8,53 54,96 2,21 28,41 2,46 246,29

January 3:00 -1,19 89,68 3,45 0,50 44,82 2,48 1,77 2,89 8,59 54,96 2,27 28,23 2,48 255,03

January 4:00 -1,19 89,39 3,45 0,53 44,75 2,48 1,79 2,94 8,62 55,05 2,31 28,09 2,48 261,75

January 5:00 -1,45 89,44 3,50 0,56 44,62 2,54 1,89 3,14 8,83 55,03 2,44 27,90 2,54 278,17

January 6:00 -1,48 89,54 3,45 0,62 44,83 2,56 2,15 3,49 9,12 54,94 2,75 27,61 2,56 316,02

January 7:00 -1,45 89,91 3,55 0,62 45,17 2,63 2,17 3,50 9,16 55,14 2,77 27,51 2,63 321,63

January 8:00 -1,48 89,58 3,64 0,55 45,61 2,66 2,03 3,28 9,02 55,05 2,57 27,77 2,66 294,48

January 9:00 -1,13 90,14 3,63 0,55 45,19 2,65 2,01 3,24 8,97 54,95 2,55 27,81 2,65 291,08

January 10:00 -0,87 90,26 3,60 0,56 44,85 2,62 1,96 3,22 8,99 55,01 2,51 27,93 2,62 285,90

January 11:00 -0,35 90,25 3,59 0,56 44,58 2,60 1,93 3,21 8,99 54,98 2,48 27,97 2,60 281,21

January 12:00 0,06 81,33 3,19 0,50 40,19 2,31 1,68 2,82 8,03 49,70 2,41 25,41 2,31 245,58

January 13:00 0,32 80,90 3,23 0,48 40,07 2,32 1,62 2,68 7,90 49,50 2,33 25,44 2,32 235,12

January 14:00 0,71 89,71 3,57 0,51 44,69 2,56 1,75 2,93 8,75 55,02 2,26 28,37 2,56 252,96

January 15:00 0,42 89,67 3,59 0,49 45,12 2,57 1,74 2,88 8,71 55,05 2,22 28,48 2,57 248,20

January 16:00 0,16 89,71 3,61 0,49 45,46 2,59 1,81 3,00 8,85 54,98 2,29 28,38 2,59 256,21

January 17:00 -0,23 89,95 3,64 0,49 45,63 2,61 1,86 3,04 8,89 55,01 2,35 28,27 2,61 263,50

January 18:00 -0,55 90,14 3,61 0,49 45,83 2,60 1,89 3,07 8,89 55,08 2,37 28,27 2,60 266,26

January 19:00 -0,65 90,20 3,58 0,48 45,94 2,58 1,90 3,10 8,91 55,02 2,37 28,26 2,58 266,40

January 20:00 -0,87 89,90 3,58 0,45 45,90 2,55 1,77 2,90 8,71 55,04 2,22 28,50 2,55 247,23

January 21:00 -0,97 89,63 3,57 0,43 46,04 2,54 1,71 2,79 8,63 55,01 2,14 28,64 2,54 237,39

January 22:00 -0,90 89,86 3,56 0,42 46,12 2,52 1,70 2,76 8,60 55,00 2,12 28,70 2,52 233,54

January 23:00 -0,87 89,79 3,54 0,44 45,53 2,51 1,69 2,77 8,59 54,96 2,13 28,64 2,51 234,99

DHr LTs LTr = Subs ReturnDHs

Load Shifting  Lowering Return Temperature 

 Month Time Temperature Load (As Is) Load (To Be)  Month Temperature Load (As Is) Load (To Be) 

January 0:00 28,58 237,21 272,00 June 33,03 33,04 42,95 

January 1:00 28,52 240,05 272,00 June 33,30 30,82 40,06 

January 2:00 28,41 246,29 272,00 June 33,46 29,71 38,63 

January 3:00 28,23 255,03 272,00 June 33,43 30,44 39,57 

January 4:00 28,09 261,75 261,75 June 33,29 31,52 40,98 

January 5:00 27,90 278,17 272,00 June 33,00 36,42 47,34 

January 6:00 27,61 316,02 272,00 June 31,75 62,76 51,15 
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Once the To Be load has been estimated, the following steps aimed at quantifying the benefits from a 

monetary point of view. The first one to be quantified was the monetary benefits resulting from load shifting. 

The stored heat was determined from the difference between As Is and To Be supply (Equation 13). Using 

equation proposed in “8.2.2 Load shifting savings” (Equation 11 and Equation 12), the results relative to this 

strategy were obtained. Table 37 shows a sample for the month of January. 

Table 37: Monetary benefit and storage capacity in the load shifting strategy 

  Time Storage (kWh) Cum Storage (kWh) As Is (€) To Be (€) Savings 

January 0:00 33,05 102,23 4,12 5,25 -33,92 

January 1:00 30,36 132,59 4,21 5,25 -31,16 

January 2:00 24,42 157,01 4,42 5,25 -25,07 

January 3:00 16,12 173,13 4,70 5,25 -16,54 

January 4:00 0,00 173,13 4,92 4,92 0,00 

January 5:00 -6,50 166,63 5,62 5,25 10,91 

January 6:00 -46,33 120,30 7,85 5,25 77,80 

January 7:00 -52,24 68,06 8,18 5,25 87,72 

January 8:00 -23,66 44,40 6,58 5,25 39,73 

January 9:00 -20,08 24,32 6,38 5,25 33,72 

January 10:00 -14,63 9,69 6,07 5,25 24,56 

January 11:00 -9,69 0,00 5,79 5,25 16,27 

January 12:00 0,00 0,00 4,39 4,39 0,00 

January 13:00 0,00 0,00 4,05 4,05 0,00 

January 14:00 0,00 0,00 4,63 4,63 0,00 

January 15:00 0,00 0,00 4,48 4,48 0,00 

January 16:00 0,00 0,00 4,74 4,74 0,00 

January 17:00 0,00 0,00 4,98 4,98 0,00 

January 18:00 0,00 0,00 5,07 5,07 0,00 

January 19:00 0,00 0,00 5,07 5,07 0,00 

January 20:00 0,00 0,00 4,45 4,45 0,00 

January 7:00 27,51 321,63 272,00 June 31,00 66,09 53,86 

January 8:00 27,77 294,48 272,00 June 31,35 56,31 45,89 

January 9:00 27,81 291,08 272,00 June 31,71 52,65 42,91 

January 10:00 27,93 285,90 272,00 June 31,83 52,06 42,43 

January 11:00 27,97 281,21 272,00 June 31,78 52,39 42,70 

January 12:00 25,41 245,58 245,58 June 31,84 50,98 41,55 

January 13:00 25,44 235,12 235,12 June 31,99 48,31 48,31 

January 14:00 28,37 252,96 252,96 June 32,12 45,44 45,44 

January 15:00 28,48 248,20 248,20 June 32,32 43,13 43,13 

January 16:00 28,38 256,21 256,21 June 32,31 44,56 44,56 

January 17:00 28,27 263,50 263,50 June 32,00 48,09 48,09 

January 18:00 28,27 266,26 266,26 June 31,75 51,85 51,85 

January 19:00 28,26 266,40 266,40 June 31,64 53,34 53,34 

January 20:00 28,50 247,23 247,23 June 31,67 50,19 50,19 

January 21:00 28,64 237,39 237,39 June 32,05 44,56 44,56 

January 22:00 28,70 233,54 269,35 June 32,45 40,29 52,38 

January 23:00 28,64 234,99 272,00 June 32,73 36,50 47,45 
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January 21:00 0,00 0,00 4,13 4,13 0,00 

January 22:00 34,02 34,02 4,00 5,17 -34,91 

January 23:00 35,16 69,18 4,05 5,25 -36,09 

To quantify monetary benefits of having a lower return temperature, instead, first it was necessary to 

understand and calculate the temperature reduction. For this reason, Equation 1, 7, 8, 9 and 10 (reported in 

section “8.2.1 Lower return temperature”) were used to model the system and calculate the temperature at 

the LT substation in the To Be case. In Table 38, a sample of the results obtained for the month of June is 

shown. 

Table 38: Temperature reduction achieved in the month of June 

  
Time 

ma 
(kg/s) 

h1 
(kJ/kg) 

h2 
(kJ/kg) 

ha 
(kJ/kg) 

hb 
(kJ/kg) 

m1 
(kg/s) 

m3 
(kg/s) 

h3 
(kJ/kg) 

T3 
(°C) 

June 0:00 0,10  231,01  138,62  231,01  132,67  0,36  0,45  137,36  32,75  

June 1:00 0,09  230,99  139,75  230,99  132,67  0,34  0,43  138,27  32,97  

June 2:00 0,09  230,85  140,43  230,85  132,68  0,33  0,41  138,82  33,10  

June 3:00 0,09  230,83  140,27  230,83  132,68  0,34  0,42  138,69  33,07  

June 4:00 0,09  230,90  139,68  230,90  132,67  0,35  0,44  138,22  32,95  

June 5:00 0,11  230,43  138,50  230,43  132,67  0,40  0,50  137,27  32,73  

June 6:00 0,13  230,83  133,28  230,83  132,67  0,52  0,52  133,28  31,75  

June 7:00 0,13  231,33  130,11  231,33  132,67  0,53  0,53  130,11  31,00  

June 8:00 0,11  230,88  131,59  230,88  132,67  0,46  0,46  131,59  31,35  

June 9:00 0,10  231,06  133,09  231,06  132,67  0,44  0,44  133,09  31,71  

June 10:00 0,10  231,10  133,61  231,10  132,67  0,44  0,44  133,61  31,83  

June 11:00 0,10  231,04  133,38  231,04  132,67  0,44  0,44  133,38  31,78  

June 12:00 0,10  230,90  133,62  230,90  132,67  0,43  0,43  133,62  31,84  

June 13:00 0,00  231,02  134,28  231,02  132,67  0,50  0,50  134,28  31,99  

June 14:00 0,00  230,92  134,78  230,92  132,67  0,47  0,47  134,78  32,12  

June 15:00 0,00  230,73  135,62  230,73  132,67  0,45  0,45  135,62  32,32  

June 16:00 0,00  230,88  135,61  230,88  132,67  0,47  0,47  135,61  32,31  

June 17:00 0,00  230,61  134,32  230,61  132,67  0,50  0,50  134,32  32,00  

June 18:00 0,00  230,86  133,24  230,86  132,67  0,53  0,53  133,24  31,75  

June 19:00 0,00  230,82  132,81  230,82  132,67  0,54  0,54  132,81  31,64  

June 20:00 0,00  231,03  132,92  231,03  132,67  0,51  0,51  132,92  31,67  

June 21:00 0,00  230,88  134,50  230,88  132,67  0,46  0,46  134,50  32,05  

June 22:00 0,12  230,81  136,19  230,81  132,67  0,43  0,54  135,43  32,29  

June 23:00 0,11  230,96  137,35  230,96  132,67  0,39  0,50  136,35  32,51  

Afterwards, once the temperature reduction has been determined, it is possible to quantify the monetary 

benefits. Using Equation 6, 12, 13, 14 and 15, the savings are calculated (Table 39). They are both resulting 

from lower heat losses to the ambient (negligible when rounded to the second decimal) and from lower pump 

power needed to circulate water in the network. 
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Table 39: Savings obtained in the month of June lowering the return temperature 

    Pump Savings Heat Losses Savings 

  
Time 

Pump Power To Be 
(kW) 

Delta Pump 
Power (kW) 

Savings 
(€) 

As Is 
(kW) 

To Be 
(kW) 

Delta 
(kWh) 

Savings 
(€) 

June 0:00 2,69 -1,37 -3,70 0,08 0,08 0,00 0,00 

June 1:00 2,64 -1,33 -3,60 0,08 0,08 0,00 0,00 

June 2:00 2,62 -1,32 -3,56 0,09 0,08 0,00 0,00 

June 3:00 2,66 -1,34 -3,62 0,09 0,08 0,00 0,00 

June 4:00 2,64 -1,34 -3,61 0,09 0,09 0,00 0,00 

June 5:00 2,71 -1,38 -3,73 0,09 0,09 0,00 0,00 

June 6:00 0,82 0,69 1,87 0,08 0,08 0,00 0,00 

June 7:00 0,81 0,68 1,85 0,07 0,07 0,00 0,00 

June 8:00 0,78 0,66 1,78 0,07 0,07 0,00 0,00 

June 9:00 0,77 0,66 1,77 0,06 0,06 0,00 0,00 

June 10:00 0,78 0,66 1,78 0,06 0,06 0,00 0,00 

June 11:00 0,79 0,67 1,80 0,06 0,06 0,00 0,00 

June 12:00 0,79 0,67 1,81 0,06 0,06 0,00 0,00 

June 13:00 1,41 0,00 0,00 0,06 0,06 0,00 0,00 

June 14:00 1,41 0,00 0,00 0,06 0,06 0,00 0,00 

June 15:00 1,38 0,00 0,00 0,06 0,06 0,00 0,00 

June 16:00 1,39 0,00 0,00 0,06 0,06 0,00 0,00 

June 17:00 1,43 0,00 0,00 0,06 0,06 0,00 0,00 

June 18:00 1,43 0,00 0,00 0,06 0,06 0,00 0,00 

June 19:00 1,46 0,00 0,00 0,06 0,06 0,00 0,00 

June 20:00 1,44 0,00 0,00 0,06 0,06 0,00 0,00 

June 21:00 1,39 0,00 0,00 0,07 0,07 0,00 0,00 

June 22:00 2,84 -1,47 -3,97 0,07 0,07 0,00 0,00 

June 23:00 2,78 -1,43 -3,86 0,08 0,08 0,00 0,00 

Finally, the savings obtained with the different strategies are summed up, and the investment analysis is 

carried out (Table 40), calculating the most relevant economic indicator to assess the profitability of the 

integration of the TES into the LTDH network. The investment has been evaluated over a 20-year period, 

according to the expected lifetime of the TES. 

Table 40: Investment analysis for water tank solution 

Water tank Investment Assessment 

Years 0 1 2 … 19 20 

Savings 0,00 553,06 553,06 … 553,06 553,06 

Fix Cost -2.027,29 0,00 0,00 … 0,00 0,00 

NCF -2.027,29 553,06 553,06 … 553,06 553,06 

Cumulated NCF -2.027,29 -1.474,23 -921,16 … 8.480,89 9.033,95 

Discounted NCF -2.027,29 512,09 474,16 … 128,15 118,66 

Cumulated Disc NCF -2.027,29 -1.515,19 -1.041,03 … 3.284,10 3.402,76 

 


