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Abstract 

The rapid growth of data centres is driving higher electricity consumption and continuous 
generation of low-grade waste heat. Integrating this heat into district-heating networks 
offers a smart strategy for thermal management in urban areas. In this context, this study 
presents an energy and exergy analysis of an integrated system comprising a data centre, 
vapour-compression heat pumps, thermochemical energy storage, and a third-generation 
district-heating network in Varna (Bulgaria). The proposed system relies on data-centre 
waste-heat recovery via vapour-compression heat pumps and thermochemical energy 
storage, enabling seasonal decoupling between heat availability and demand. Despite the 
relatively small size of the data centre (500 kW) compared to the district-heating system 
(average thermal demand of 9.3 MW), recovered waste heat can supply up to 3.0% of the 
annual heat demand and over 20% of the instantaneous load. The integrated configuration 
consistently improves overall exergy efficiency, confirming its thermodynamic ad-
vantage. These findings show that data centres can act as reliable thermal assets for exist-
ing district-heating networks, with heat pumps and thermal energy storage emerging as 
key enablers for district-heating decarbonisation. 

Keywords: data-centre waste-heat recovery; district-heating networks; heat pumps; ther-
mochemical energy storage; energy and exergy analysis 
 

1. Introduction 
1.1. The Heating Sector: Current Situation and Perspectives of Decarbonisation 

The heating and cooling sector accounts for around half of the final energy consump-
tion in Europe: its decarbonisation is a central pillar of the European Union’s climate am-
bitions. The Recast Energy Efficiency Directive (Directive EU 2023/1791) places new empha-
sis on energy efficiency and a substantial expansion in the utilisation of renewable and 
waste-heat sources [1]. In parallel, the REPowerEU Plan and the revision of the Renewable 
Energy Directive reinforce the need to deploy clean heating technologies at scale, highlight-
ing district heating as a strategic technology [2]. According to the International Energy 
Agency, clean heating technologies, like heat pumps coupled with low-temperature net-
works, are indispensable for achieving net-zero pathways [3,4]. Similarly, the Interna-
tional Renewable Energy Agency identifies district-heating networks as an increasingly 
prominent technology in connecting local renewable and waste-heat sources to consum-
ers [5]. Modern district heating and cooling systems offer a technically and economically 
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robust pathway to reduce emissions from buildings and industry. More than 43% of dis-
trict-heating supply already derives from renewable and waste heat, and the sector has 
the potential to expand significantly [6]. Large-scale heat pumps, in particular, are recog-
nised as a cornerstone technology as they enable the harvesting of diverse low-tempera-
ture heat sources while providing operational flexibility when coupled with storage [6,7]. 
The growing penetration of low-temperature district-heating networks, together with the 
rise in urban waste-heat sources and the electrification of heating, creates favourable con-
ditions for the integration of these low-grade thermal sources (such as data centres) into 
district-heating systems.  

The following paragraphs describe the technological and systemic framework ena-
bling the integration of data-centre waste heat into district-heating networks. 

1.2. The District Heating Sector: Evolution and Future Trends 

District Heating Networks (DHNs) are recognised as a key technology for the decar-
bonisation of the urban heating sector due to their ability to aggregate thermal demand 
and integrate renewable energy sources and multiple forms of waste heat [8,9]. DHNs 
have evolved through four main generations, characterised by a progressive reduction in 
operating temperatures, improvements in distribution efficiency, and a larger contribu-
tion of non-fossil heat sources [10,11]. Early generations operated at temperatures above 
100 °C; third-generation networks introduced more efficient hot-water distribution sys-
tems, enabling the integration of industrial waste heat; the transition towards the fourth 
generation is based on further reductions in the temperatures, typically 50–60 °C for sup-
ply and 25–35 °C for return, facilitating the integration of renewable heat sources, low-
temperature waste heat, and heat pumps [11–14]. In recent years, the concept of fifth-gen-
eration district heating and cooling has emerged based on near-ambient-temperature net-
works, allowing users to act as thermal prosumers [15,16]. The decarbonisation of district 
heating requires not only reductions in operating temperatures but also the development 
of more flexible networks capable of integrating distributed energy resources. Recent 
studies show that demand–response strategies, centralised heat pumps, and thermal en-
ergy storage can improve overall system efficiency and increase the utilisation of renew-
able and waste-heat sources [17–19]. When integrating renewable energy sources or waste 
heat, reducing operating temperatures is not always feasible, particularly for old, existing 
DHNs. Given this background, the present study analyses the integration of waste heat 
recovered from a data centre into a real district-heating system (third-generation), using 
the network of the city of Varna (Bulgaria) as a representative case study of current DHN 
conditions. 

1.3. Data Centres as Emerging Sources of Waste Heat for District Heating 

In the past two decades, the data-centre sector has experienced extremely rapid 
growth in the number of installations, computing capacity, and rack power density. This 
expansion has been driven by the rising demand for digital services, cloud computing, big 
data applications, and artificial intelligence. As a result, electrical consumption has in-
creased significantly. Current estimates attribute between 1% and 2% of global electricity 
use to data centres, with a continuing annual rise [20–23]. Modern high-density servers 
can reach high thermal design power values, with rack powers often exceeding 20–30 kW 
and potentially reaching 50 kW per rack in future scenarios [24]. The demand for electric-
ity for data centres is projected to more than double by 2030, reaching around 945 TWh 
per year, roughly equivalent to the current annual electricity consumption of a large in-
dustrialised country like Japan [25]. Recent projections indicate that the electricity demand 
of data centres could double, with a projected Compound Annual Growth Rate of around 
14–15% up to 2030 [26,27]. These numbers underscore the rapidly expanding energy 
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footprint of data centres and highlight the importance of efficient energy-management 
strategies. The combination of increasing loads, continuous 24/7 operation, and high 
equipment concentration leads to a substantial rise in cooling demand, considering that 
the fundamental characteristic of data centres is the conversion of electrical input into 
heat, with a ratio of 1:1. Multiple studies indicate that cooling systems can account for up 
to 40–50% of total data-centre energy consumption if thermal management is inefficient 
[23,28–30]. 

The increasing cooling demand results not only in a higher overall electrical load, but 
also in greater availability of low-temperature waste heat. Heat dissipated by the cooling 
system is a thermal resource that is currently underutilised. Growing interest in energy 
efficiency and decarbonisation approaches is encouraging the view of data centres not 
only as energy-consuming nodes and contributors to the “urban heat island effect”, but 
as potential thermal sources. Depending on the cooling technology, the temperature of 
the recoverable heat typically ranges between 25 and 35 °C (or higher) in air-based sys-
tems and between 50 and 60 °C in liquid-cooling configurations [31,32]. These tempera-
ture levels could be integrated in third-generation district-heating systems, provided that 
an adequate thermal upgrade (e.g., via heat pumps) is implemented [33], and they are 
well-suited for low-temperature district-heating networks, such as fourth- and fifth-gen-
eration district heating [34]. Waste-heat recovery from data centres can be achieved 
through different strategies: direct heat exchange via heat exchangers, integration with 
heat pumps for temperature upgrading, or hybrid configurations combining both. Booster 
heat pumps and pinch-based thermal analyses allow maximisation of recoverable heat 
and improve the matching between source and demand temperatures [35]. The literature 
clearly highlights that integrating data-centre waste heat into district-heating networks 
can reduce fossil-fuel consumption, increase system flexibility, and improve overall ther-
mal-production efficiency. Urban- and national-scale assessments indicate that systematic 
utilisation of waste heat can reduce DHN operating costs by 0.6–7.3% [36] and lower total 
system emissions by 1–2% in mid-term scenarios [37]. The continuous availability of the 
thermal stream is a key advantage as it can reliably cover base-load or mid-load thermal 
demands [38]. Multiple case studies confirm the high reliability of heat recovered from 
data centres. Real-world implementations in Europe and China demonstrate the effective-
ness of DC → HP → DHN configurations, achieving measurable energy savings and sig-
nificant increases in system efficiency [31,39]. 

Overall, the available evidence supports the view that data centres can evolve from 
purely energy-intensive electrical loads into active thermal nodes within urban energy 
systems, contributing to emission reductions, improved energy efficiency, and the valori-
sation of digital infrastructure in the context of low-temperature district heating. 

1.4. Heat-Pump Technology: State of the Art and Perspectives 

Heat pumps (HPs) are a well-established technology widely employed for upgrading 
low-temperature heat sources, including waste heat released by data centres. Vapour-
compression heat pumps, nowadays the most diffuse, may be classified into categories 
according to their supply temperatures: low-temperature heat pumps (LTHPs), up to ap-
proximately 60 °C; medium-temperature heat pumps (MTHPs), 60–100 °C; high-temper-
ature heat pumps (HTHPs), 100–160 °C; ultra-high-temperature heat pumps (UHTHPs), 
160–200 °C [40]. For industrial and district-heating applications, HTHPs are of particular 
interest. Single-stage units are suitable for moderate temperature lifts (≤30–40 °C), 
whereas higher delivery temperatures require two-stage cycles, economiser configura-
tions, vapour injection, or cascade systems using multiple refrigerants [41]. 

A key aspect for the advancement of high-temperature heat pumps is the selection of 
the fluid, involving considerations of thermodynamic efficiency, environmental impact 
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(fluids with zero ODP, negligible GWP, and no PFAS), and human safety [42]. Low-GWP 
refrigerants, such as ammonia (R717), hydrocarbons (R290 and R600), CO2 (R744), and 
several HFO/HCFO compounds, exhibit favourable thermodynamic properties and are 
well-suited for medium- and high-temperature applications [40]. 

Heat pumps also play a central role in the transition of district-heating networks to-
wards low-temperature operation, characterised by increasing integration of renewable 
energy sources and waste heat. The reductions in supply and return temperatures in mod-
ern district-heating networks improve efficiency, reduce distribution losses, and expand 
the range of exploitable heat sources, making heat pumps an enabling technology for 
modern district-heating systems [43,44]. Heat pumps can be deployed in centralised con-
figurations, where large-scale units provide base-load heat with COP values 3–5 for sup-
ply temperatures up to 70–80 °C, or in decentralised configurations using booster heat 
pumps at the building level to support lower network temperatures and facilitate the tran-
sition from third- to fourth-generation systems [45]. In DHNs with a supply temperature 
in the range of 55–70 °C, centralised heat pumps can supply most of the thermal demand 
and reduce reliance on peak-load boilers. In DHNs with a supply temperature in the range 
of 35–50 °C, the combined operation of central heat pumps and decentralised booster units 
enables high overall efficiency, significant reductions in network losses, and improved 
exergetic quality of heat supply [13,46]. From both energy and exergy perspectives, the 
integration of heat pumps into district-heating systems offers multiple benefits. Lower 
network temperatures increase the COP and enhance the share of renewable and waste 
heat that can be utilised, while reduced temperature differences between source and sink 
decrease irreversibilities and improve overall system efficiency [47,48]. Evidence from Eu-
ropean district-heating projects confirms that large-scale heat pumps are a mature and 
widely deployed technology, capable of maintaining high performance even under sub-
stantial temperature lifts [44]. 

1.5. Thermal Energy Storage for Flexible District-Heating Systems 

Thermal Energy Storage (TES) technologies play a central role in modern energy sys-
tems as they enable the temporal decoupling of heat production and demand and improve 
overall operational flexibility. 

TES solutions are commonly classified into three main categories: sensible heat stor-
age (SHS), latent heat storage (LHS), and thermochemical storage (TCS) [49]. SHS tech-
nologies represent the most established option, relying on temperature variations in a liq-
uid or solid medium. LHS systems employ phase-change materials (PCMs) to provide 
higher energy density and near-isothermal charge and discharge. Among emerging tech-
nologies, thermochemical storage (TCS) based on thermochemical materials (TCMs) has 
attracted increasing attention because of its high energy density, the absence of thermal 
losses during the storage period, and the possibility of long-term and seasonal operation 
[50,51]. 

TCS systems rely on reversible chemical or sorption reactions, where energy is stored 
in the bonding state of the reactants during charging and released during recombination. 
TCMs include zeolites, silica gel, salt hydrates, and composite structures combining po-
rous matrices with reactive salts [52]. The high energy density and loss-free storage capa-
bility of TCS systems make them particularly suitable for applications where the availa-
bility of waste heat does not match the demand profile, or where seasonal storage is re-
quired. In particular, thermochemical materials can store low-grade heat and release it at 
controlled temperature levels, creating opportunities for integration within energy-inten-
sive processes or coupled heat pump–district heating configurations. 

In summary, while SHS and LHS provide mature and widely deployed solutions, 
TCS technologies offer a promising pathway for high-density, long-duration storage and 
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for enhancing the utilisation of waste-heat sources. Their potential role in advanced en-
ergy architectures motivates growing interest in their application within integrated en-
ergy systems. In particular, the increasing deployment of fourth- and fifth-generation dis-
trict-heating networks, characterised by reduced operating temperatures and growing in-
tegration of renewable and waste-heat sources, makes TCS—and all thermal energy-stor-
age methods in general—a strategic component for enhancing operational flexibility in 
the context of districtheating networks [53,54]. Short-term TES can reduce peak loads and 
enable heat-pump operation during favourable tariff periods, while seasonal storage en-
ables extensive utilisation of waste heat and renewable energy even during high-demand 
periods. Integrated TES + demand–side management (DSM) systems further reduce oper-
ational costs and the required production capacity [55]. Recent studies indicate that ther-
mochemical storage may be suitable for district-heating applications, particularly in net-
works with high full-load hours or substantial base-load needs [56]. 

Overall, thermal energy storage represents an essential component of modern dis-
trict-heating networks: the interaction between heat pumps, waste-heat sources, and TES 
technologies—including emerging thermochemical solutions—opens new opportunities 
for integrated energy utilisation and enhanced recovery of waste heat, such as that ana-
lysed in the present study. 

1.6. Novelty and Contributions of the Present Study 

Despite the extensive scientific interest in district heating evolution, heat-pump inte-
gration, and data-centre waste-heat recovery, there is still a lack of studies assessing—on 
a real network and through a combined energy and exergy perspective—the full chain DC 
→ HP → TES → DHN under realistic operating conditions. Furthermore, only a limited 
number of studies apply such methodologies to actual DHNs with measured heat-de-
mand profiles, reducing the ability to evaluate practical system-level impacts. 

The present study addresses this gap by developing an integrated energy–exergy as-
sessment of a waste-heat recovery configuration for data centres coupled with a heat 
pump and thermal storage system, applied to the real district-heating network of the city 
of Varna (Bulgaria), which will be the central real case study of the Horizon Project 
THUNDER—THermochemical storage Utilization eNabling Data centre seasonal Energy Recov-
ery [57]. This work extends the Authors’ previous research on waste-heat recovery from 
DCs and reuse in third-generation DHNs [33], focused on a direct integration via heat 
pumps without long-term thermal storage. Compared to the earlier study, this manuscript 
introduces a thermochemical storage system enabling seasonal heat shifting, includes ex-
ergy analysis, and applies the methodology to a different, real district-heating network. 
These additions allow a deeper assessment of the thermodynamic performance and flexi-
bility potential of data-centre integration in existing district-heating systems. 

2. Materials and Methods 
This chapter contains a description of the functioning and the modelling of the two 

compared scenarios. 
In the first, referred to as Scenario S0, there is a traditional setup in which no integra-

tion of DC waste heat into the DHN occurs. The DC is, thus, traditionally cooled (indirect 
air-side free cooling, FC and active cooling, AC, by Vapour Compression Cycle, VCC), 
releasing the heat into the environment, while the thermal demand of the network is en-
tirely met by its generation system based on fossil fuels (boiler). S0 serves as the baseline 
for comparing the results of waste-heat integration: yearly energy consumption for the 
autonomous cooling system, the amount of heat released into the environment, and the 
energy consumption for the DHN generation system were calculated to provide a com-
parison with the subsequent scenario. In the second scenario, referred to as Scenario S1, 
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the same DC releases its waste heat into the DHN through a thermochemical storage: the 
recovery is activated when the active cooling is on. 

For both scenarios, two cases were evaluated: Case A with temperatures of inlet–out-
let air of the data centre at 20–35 °C (maximum outdoor air temperature for free cooling 
at 15 °C); and Case B with temperatures of inlet–outlet air of the data centre at 25–40 °C 
(maximum outdoor air temperature for free cooling at 20 °C). Operation is assumed, for 
all scenarios and cases, with a data-centre air-distribution system based on a “hot aisle–
cold aisle” configuration: this layout enables higher operating temperatures, as indicated 
by ASHRAE Thermal Guidelines for IT equipment cooling systems for data centres in the 
A1 Category [58]. The temperature of the air returning from the DC is set according to 
indications of the technical–scientific literature to ensure IT equipment reliability [20,59]. 
The temperature ranges of Case A and Case B were selected to assess the trade-off be-
tween compressor electricity consumption and the quality of recoverable waste heat, and 
to evaluate their impact on the overall system performance. 

A 500 kW data centre is considered. Based on commonly adopted industry classifi-
cations, the 500 kW data centre considered in this study falls within the range of edge data 
centres, which typically operate between 50 kW and 2 MW. These facilities are designed 
to provide distributed computing capacity close to end users and are increasingly de-
ployed in urban environments [60]. 

For the calculation, two fundamental assumptions were made, based on the wide and 
consolidated literature on the topic: 

1. The cooling capacity required for the DC IT equipment equals the installed electrical 
power, assuming that all electrical load is dissipated as heat [21,29]; 

2. The electrical consumption of DC IT equipment power is assumed to be constant 
throughout the year [32,35,36]. 

For the district-heating network, real, annual hourly profiles of thermal levels and 
the required thermal power were considered. 

As this is a theoretical thermodynamic study on a possible integration between DC 
and DHN, the distance between DC and the network was not taken into account. Conse-
quently, heat losses in the connection pipelines and the additional pumping power re-
quired for fluid transport are not included in the energy and exergy balances. This as-
sumption allows the analysis to focus on the coupling efficiency of the generation and 
storage technologies and to isolate the thermodynamic and exergetic performance of the 
proposed DC–HP–TCS-DHN configuration. Typical urban integrations between edge 
data centres and district-heating networks are characterised by separation distances on 
the order of tens to a few hundreds of metres; for such distances, transport-related losses 
and pumping penalties are expected to remain limited compared to the recovered thermal 
power, and are not expected to alter the qualitative conclusions of the present analysis. 
Nevertheless, it is acknowledged that in a real-world implementation, the physical dis-
tance between systems would represent a constraining factor affecting both overall effi-
ciency and economic feasibility, and would require a site-specific engineering and techno-
economic assessment. The present work should, therefore, be interpreted as a best-case 
thermodynamic assessment of the proposed integration concept. 

The thermodynamic simulations were performed using Python software. 

2.1. Scenario S0. No Integration Between DC and DHN 

In Scenario S0, the DC is cooled by its own cooling system, and the DHN is powered 
by its own thermal plant (Figure 1). There is only one VCC (VCC 1), which cools the data 
centre and rejects the heat into the outdoor environment: the evaporator cools the working 
air flow of the data-centre space, and the outdoor air is heated by the condenser of the 
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cycle. The central generation space of DHN contains the boilers, fuelled by natural gas, 
which provide the hot water to the network. 

 

Figure 1. Schematisation of Scenario S0 (no integration between DC and DHN). 

2.1.1. DC Non-Integrated Cooling 

A hybrid air-based cooling system is considered. It operates in indirect air-side free 
cooling (FC mode) when the external air temperature is below a fixed threshold (Tlim FC), 
while a vapour-compression cooling system (AC mode) is activated when the external 
temperature exceeds the limit (no combination of the two modes was considered). The 
cooling system activates the air-conditioning mode only when the outdoors is hotter than 
the threshold value and free cooling is not useful. 

The cooling power required for the IT equipment (QDC, cold) equals the generated heat 
load; the cooling power and the airflow rate of cooling air provided to the DC (mDC) in 
both modes are related as follows: 

QDC,  cold = cp · mDC · �TDC,  out - TDC,  in� (1) 

The external airflow rate required in the FC mode to achieve the desired cooling ther-
mal power is determined by setting the heat exchanger effectiveness (effhe), defined as the 
ratio between the effectively exchanged heat and the maximum exchangeable heat. The 
exchanged heat is set equal to the required cooling capacity (in FC, it is the same as the 
DC thermal load). The effectiveness is constant and equal to: 

effhe = 
Q

Qmax
 (2) 

The outdoor airflow in the FC mode is modulated in order to achieve the proper sup-
ply temperature, also when the outdoor temperatures are low. 

Given the known airflows, both on the DC side and the outdoor ambient side, it is 
possible to calculate the power consumption of the fans (Wf) and the corresponding an-
nual energy consumption, assuming proper pressure drops (DPs) across the heat ex-
changer and fan efficiency (efff): 

Wf  = 
m ∙ DP
d ∙ efff

 (3) 

When the external temperature is too high to use the FC mode, a VCC (air-to-air) is 
needed to provide the required cooling power. In AC mode, power consumption includes 
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the fans and the compressor of the VCC (Wcomp). To calculate the power consumption of 
AC, it is necessary to estimate the Energy Efficiency Ratio (EER) of the cycle. To do that, a 
polynomial model for EER as a function of saturation levels of the refrigerant was 
adopted, referring to the data of available commercial models [61] (a validation of the 
polynomial formulation of EER is reported in the Supplementary Materials file of [62]). 
By setting the pinch-point temperature difference at both the evaporator and condenser 
(DTPP) and the sink temperature difference (DTsink), the two saturation temperature levels 
of the refrigerant can be determined. Additionally, a check was conducted to ensure a 
minimum allowable temperature lift (DTcomp,min) between the saturation temperatures of 
the refrigerant, according to commercially available models of VCC equipment. 

Given the relation between the EER and ambient temperature, it is possible to calcu-
late the power consumption of the compressor and the heat rejected to the environment 
(Qsink). The power requirements for the fans of the evaporator and the condenser can be 
calculated from (2), as done for the FC mode. 

Wcomp = 
QDC , cold

EER  (4) 

Qsink = QDC, cold + Wcomp (5) 

It is also useful to evaluate the efficiency of the VCC of AC mode in terms of the 
second law of thermodynamics. In this sense, first, the ideal EER (EERid) is evaluated as: 

EERid = 
TL

TH - TL
 (6) 

where TL and TH are the low and high saturation temperatures of the refrigerant of the 
VCC (here expressed in Kelvin). Then, the second-law EER (EERII) is defined as: 

EERII = 
EER

EERid
 (7) 

It is worth noting that the EERid  was evaluated considering the refrigerant sides 
(evaporating and condensing temperatures of the VCC refrigerant) and not the source 
sides, which vary their temperature during the processes. 

All the conditions imposed for FC and AC modes are summarised in Table 1. 

Table 1. Regulation of FC and AC modes. 

FC Operations and Air Loops VCC (AC Mode) 

TDC,in °C 20.0 (A)  
25.0 (B) 

DTpp 5.0 °C 

TDC,out °C 35.0 (A) 
40.0 (B) 

DTcomp,min 10.0 °C 

Tlim FC °C 
15.0 (A) 
20.0 (B) 

DTsink 10.0 °C 

effhe  0.8 Thermophysical properties 
DP heat  

exch. [63] 
Pa 150.0 cp kJ/kg/K 1.0 

efff    0.6 d kg/m3 1.2 

2.1.2. DHN Non-Integrated Generation System 

The hourly annual data for the DHN used in this paper pertain to the Varna network 
(Bulgaria): the real data were provided by the company that manages the DHN and is a 
partner of the THUNDER consortium [57]. Table 2 shows the hourly trends and the ranges 
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(minimum, average, and maximum values) for the network thermal power. The central 
plant is a boiler which uses natural gas as fuel. 

Table 2. Operative ranges of the DHN. 

  Minimum Average Maximum 
QDHN MW 3.0 9.3 29.6 

As defined in [8,9,11], this DHN can be qualified as a third-generation network. The 
overall annual energy demand of the DHN in this case study is 81,162 MWh/y. Figure 2 
shows the annual thermal request of the DHN. The profile reflects the typical seasonality 
of the served area: the high demand in winter months covers both space heating and do-
mestic hot water, whereas the lower, flatter profile observed from June to September cor-
responds almost exclusively to the domestic hot water base-load. The transitional periods 
in May and October show the gradual switch-off and switch-on of the space heating sys-
tems, consistent with the climatic conditions of Varna. 

 

Figure 2. Annual thermal request of DHN. 

2.2. Scenario S1. Integration of DC Waste Heat into the DHN 

In Scenario S1, the DC cooling system is integrated with the district-heating network 
through a heat recovery and valorisation process (Figure 3). The utilisation of a thermo-
chemical energy storage (TCS) was assumed, in order to store the wasted and recovered 
heat from the DC (maximum production in summer with AC mode) and use it when ef-
fectively useful (winter requirement from the DHN). The entire process is: 

1. A first VCC (VCC 1) cools the data centre and releases heat, which becomes the 
source for a second VCC (VCC 2); 

2. The second VCC (VCC 2) upgrades the heat flow, releasing the heat in the thermal 
storage during the charging phase; 

3. A third VCC (VCC 3) recovers heat from the thermochemical storage during the dis-
charging phase and upgrades it at the proper temperature of DHN. 

Steps 1 and 2 happen when AC mode is active (recovery of waste heat from the data 
centre and charging of thermal storage), mostly in summer. Step 3, the activation of VCC 
3, happens when the DHN has a high thermal request, mostly in winter. FC mode is still 
used when the outdoor temperature is suitable for this scope. In the picture, the connec-
tion loops VCC 1–VCC 2, VCC 2–TCS, TCS–VCC 3, and VCC 3–DHN are represented only 
with the related thermal fluxes. In a real-world application, all these connections could be 
realised via water loops. Although these loops were not represented in the pictures and 
modelled in detail, the necessary temperature lifts were properly considered. In Figure 3, 
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Qwaste is the waste heat from the data centre (VCC 1–VCC 2); Qcharg (VCC 2–TCS) is the 
heat that charges the thermal storage; Qdisch is the heat discharged from the thermal stor-
age (TCS–VCC 3); Qinteg is the heat integrated in the DHN from the recovery system (VCC 
3–DHN). 

 

Figure 3. Schematisation of Scenario 1 (integration between DC and DHN). 

2.2.1. DC Integrated Cooling, Thermal Recovery, and Upgrade 

The thermodynamic modelling of the DC cooling system (VCC 1) is similar to Sce-
nario S0, where heat is rejected to the ambient air; however, in this case, the heat sink is 
no longer the environment but the second VCC (VCC 2). The discharging of the thermal 
storage is done with the third VCC (VCC 3). 

The modelling of the VCC 2 and VCC 3 is done very similarly to VCC 1, with the 
difference that the EER is evaluated not with a polynomial correlation (due to higher op-
erative temperature not compatible with the approximation range of the polynomial func-
tion), but assuming a value of 0.5 for EERII, and so deriving the EER from EERII and EERid 
(evaluated with the refrigerant saturation temperatures). This value represents a suitable 
estimation for large-scale industrial heat pumps, which typically exhibit second-law effi-
ciencies in the range of 0.45–0.55 under realistic operating conditions [64]. 

2.2.2. TCS Characterisation and Functioning 

The thermal storage is charged using the waste heat from the data centre when the 
AC mode is active, while no recovery was considered during the FC mode. Therefore, the 
waste heat considered for recovery is the rejection heat produced by the condenser of the 
VCC 1, which cools the data centre. 

The thermochemical storage system was modelled as a black box, where the opera-
tional parameters subject to optimisation are the charging and discharging temperatures. 
The charging temperature is set at 80 °C and the discharge at 40 °C, with a round-trip 
efficiency of 0.9. These values were derived from experimental tests performed by the Au-
thors as part of the THUNDER project activities. This approach does not consider internal 
reactions, allowing for a simplified implementation into energy-system models: the focus 
is placed on its macroscopic behaviour, facilitating the evaluation of system-level perfor-
mance. 

In this context, the role of VCC 2 is not to upgrade heat for immediate use, but to 
provide the temperature driving force required to store energy in the form of chemical 
potential, while the VCC 3 connects the TCS and DHN. A sensible low-temperature stor-
age tank operating around 40 °C would mainly enable short-term buffering and would 
become impractical for seasonal decoupling due to the large volume required and 
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standing thermal losses. Therefore, the 80 °C charging level was adopted to enable sea-
sonal storage through TCS. 

2.3. Exergy Analysis 

The exergy efficiency is a key metric for assessing the thermodynamic performance 
of energy-recovery systems. In the context of waste heat recovered from data centres, 
stored in a thermochemical storage system and subsequently delivered to a district-heat-
ing network, exergy analysis enables the evaluation of energy quality and the identifica-
tion of irreversibility throughout the process. This approach supports the design of sus-
tainable and high-efficiency energy solutions by highlighting opportunities for system op-
timisation. In exergy analysis, a distinction is made between exergy destruction and ex-
ergy losses. Exergy destruction refers to the internal irreversibility within a system, such 
as friction, heat transfer across finite temperature differences, or chemical reactions, which 
degrade the quality of energy and are governed by the second law of thermodynamics. 
Exergy losses, on the other hand, represent the exergy that leaves the system boundaries 
without being utilised, typically discharged to the environment. While both contribute to 
the overall inefficiency, only destruction is associated with intrinsic thermodynamic irre-
versibility. The dead state for all calculations is defined at 𝑇𝑇0 = 273.15 𝐾𝐾  and 𝑃𝑃0 =
101.325 𝑘𝑘𝑘𝑘𝑘𝑘. 

The exergy balances for each component are summarised below. 

2.3.1. Data-Centre Cooling 

The cooling of the IT infrastructure is modelled through both passive and active 
stages. The exergy destruction during the free-cooling mode is defined as: 

EXD,FC = ṁDC · (exout,  DC - exin, DC) (8) 

where the irreversibility is strictly linked to the air-temperature lift required to maintain 
the server environment. When ambient conditions necessitate active cooling, the VCC 
components are evaluated. For the evaporator and condenser, the exergy destruction re-
flects the heat transfer across finite temperature differences; the compressor represents the 
primary form of irreversibility of the system. 

EXD,evap =  ṁref · �exref, in - exref, out� +  ṁDC · �exair, in,evap - exair, out,evap� (9) 

EXD,evap = ṁref · �exref, in - exref, out� +  ṁwater · �exwater, in, cond - exwater, out, cond� (10) 

EXD,cond =   ṁref · �exref, in - exref, out� + ṁair,ext · �exair, in, cond - exair, out, cond� (11) 

EXD,cond= ṁref · �exref, in - exref, out� + ṁwater· �exwater, in,eva - exwater, out,eva� (12) 

EXD,comp =  Wcomp + ṁ
ref

 · �exrefr, in - exrefr, out� (13) 

EXD,valve =  ṁref · �exref, in - exref, out� (14) 

Equation (9) is used for the evaporator of VCC 1 (evaporation on the DC side) in both 
scenarios; Equation (10) for the evaporators of VCCs 2 and 3 (evaporation on VCC 1 and 
TCS, respectively, via water loops) in the integrated scenario; Equation (11) for the con-
denser of VCC 1 in the non-integrated scenario (condensation on the outdoor air); Equa-
tion (12) for the condensers of VCC 2 and VCC 3 (condensation on the TCS and DHN, 
respectively, via water loops) in the integrated scenario; Equation (13) for the compressor 
of all VCCs; and Equation (14) for the throttling valve of all VCCs. 
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2.3.2. Thermochemical Storage 

The exergy balance for the TCS unit accounts for the losses during the adsorption/de-
sorption cycles: 

EXD,TCS = ṁwater, charg ∙ (ex in - ex out) - ṁwater, disch ∙ (exin - ex out) (15) 

This formulation was chosen to capture the degradation of the thermal potential dur-
ing the chemical reaction and the storage period, providing a clearer picture of the round-
trip efficiency. 

2.3.3. District-Heating Network 

The integration logic involves supplementing the traditional gas boiler. The exergy 
destruction of the boiler is calculated as: 

EXD,boiler= ṁgas ∙ �ex gas, in - ex gas, out� + Qin, boiler ∙ (1 - 
T0

Tsource
) (16) 

The inclusion of the Carnot factor is essential here; it quantifies the high-grade chem-
ical exergy of the fuel that is “degraded” into lower-temperature thermal energy. Further-
more, the heat exchanger (HE) performance is split into internal destruction (EXD,HE ), 
caused by the temperature gradient between flue gas and water, and external loss (𝐄𝐄𝐄𝐄𝐋𝐋,𝐇𝐇𝐇𝐇), 
representing the exergy discarded to the environment via exhaust gases: 

EXD,HE= ṁDHN  ∙ �ex DHN, in - ex DHN, out� + ṁgas ∙ �ex gas, in- exgas, out� (17) 

EXL,HE =  ṁgas ∙ �ex gas, out - ex gas, in� (18) 

The heat exchanger transfers heat between combustion gases and water. Losses are 
due to inefficiencies in thermal exchange. 

2.3.4. Exergy Efficiency 

The system efficiency for Scenario S0 is: 

ηex =  
  ṁDHN  ∙ (ex out - ex in)

Wcomp,VCC1 + ṁDC ∙ (ex DC, out, - ex DC,in) + Qboiler,in ∙ (1 - T0
Tsource

)
 (19) 

The system efficiency for Scenario S1 is: 

ηex= 
 ṁinteg  ∙ �ex out,water,integ- ex in,water,integ� + ṁDHN  ∙ (ex out-ex in)

Wcomp,VCC1+Wcomp,VCC2+Wcomp,VCC3+ṁDC ∙ (ex DC, out, - ex DC,in) + Qboiler,in ∙ (1 - T0
Tsource

)
 (20) 

where  𝐦̇𝐦𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 represents the fraction of the district-heating flow diverted from the main 
stream, serving as the heat sink for the heat pump that recovers thermal energy from the 
thermochemical storage. 

2.3.5. General Overview of Exergy Analysis Contributions for Scenario S0 

In the non-integrated scenario, exergy destruction and exergy losses are calculated 
independently for the DC and DHN. The thermodynamic inefficiencies associated with 
each subsystem are assessed separately, without accounting for potential synergies or in-
teractions. As a result, the overall system performance may be underestimated, and op-
portunities for integrated optimisation might be overlooked. Table 3 outlines, for each 
component, whether it accounts for destructions or losses. For the data centre, the compo-
nents contributing to exergy destruction and losses include the evaporator, compressor, 
condenser, expansion valve, and the heat exchanger used for free cooling. In the DHN, 
the main sources of inefficiencies are the boiler and the heat exchanger. 
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Table 3. Exergy destructions and losses, Scenario S0. 

Exergy Destructions Exergy Losses 
VCC 1 Evaporator VCC 1 Condenser 
VCC 1 Compressor DHN Heat Exchanger 
VCC 1 Condenser DC Free Cooling 

VCC 1 Valve  
DHN Boiler  

DHN Heat Exchanger  
DC Free Cooling  

2.3.6. General Overview of Exergy Analysis Contributions for Scenario S1 

In the integrated scenario, DC and DHN are considered as a single thermodynamic 
system, allowing for a comprehensive evaluation. This approach enables the identification 
of synergies between subsystems and a more accurate quantification of overall exergy de-
struction and losses: it becomes possible to highlight the benefits of integration in terms 
of improved energy quality utilisation and reduced irreversibility. Table 4 outlines, for 
each component, whether it accounts for destructions or losses. 

Table 4. Exergy destructions and losses, Scenario S1. 

Exergy Destructions Exergy Losses 
VCC 1 Evaporator DHN Heat Exchanger 
VCC 1 Compressor DC Free Cooling 
VCC 1 Condenser  

VCC 1 Valve  
VCC 2 Evaporator  
VCC 2 Compressor  
VCC 2 Condenser  

VCC 2 Valve  
VCC 3 Evaporator  
VCC 3 Compressor  
VCC 3 Condenser  

VCC 3 Valve  
DHN Boiler  

DHN Heat Exchanger  
DC Free Cooling  

TCS  

3. Results and Discussion 
In this section, the results of the energy and exergy analysis of the different scenarios 

are reported and compared in terms of the performance of data-centre cooling systems 
and waste-heat recovery and reutilisation. 

3.1. Energy Analysis Results 

This paragraph is dedicated to the energy analysis of the two scenarios. 

3.1.1. Scenario S0. Non-Integrated System 

The combination of indirect free cooling and VCC active cooling in the data centre 
results in an electricity consumption and waste heat, as reported in Table 5. 
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Table 5. Annual electricity consumption and waste-heat production of data-centre cooling system, 
Scenario S0. 

Case Electricity FC Electricity AC Electricity Tot Waste Heat FC Waste Heat AC Waste Heat Tot 
 MWh MWh MWh MWh MWh MWh 

A 23.6 217.3 240.9 2611.5 1985.1 4596.6 
B 29.2 103.0 132.2 3439.5 1043.1 4482.6 

Switching from Case A to Case B, there is a consistent reduction in the electricity 
consumption of the data-centre cooling system (almost 45.0%) due to the larger use of free 
cooling. Regarding the waste-heat production, it is necessary to underline that, when the 
FC mode is operating, the waste thermal flux is made by the outdoor airflow heated at the 
free-cooling heat exchanger, so at a temperature lower than the exhaust temperature of 
the data centre (35.0 °C for Case A, 40.0 °C for Case B). Due to these relatively low tem-
peratures, it has been chosen—as the control logic of waste-heat recovery and energy-
storage charging—to use only the waste heat deriving from the production of the VCC 
condenser during the AC mode operations. In Case B, the effectively recoverable waste 
heat is almost 45.0% with respect to Case A, raising necessary questions concerning the 
regulation of the cooling system of the data centre in relation to the heat recovery purpose. 

The annual trends of electricity consumption and waste-heat production are reported 
in Figures 4 and 5. 

 

Figure 4. Electricity consumption of DC cooling system, Scenario S0. 

The profile of the electricity consumption observed in Figure 4 is strictly linked to the 
thermodynamics of the VCC. During the summer months, the high outdoor air tempera-
ture imposes a higher condensing temperature on the refrigeration cycle. This increases 
the pressure ratio across the compressor, leading to higher work input (Wcomp) for the 
same cooling duty request, and consequently a lower EER. Conversely, in the transition 
months, the lower ambient temperature allows for lower condensing temperatures and 
better EER. The peaks in consumption correspond to the hottest hours of the year, where 
the system operates at its lowest thermodynamic efficiency. 
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Figure 5. Heat discharged from DC cooling system, Scenario S0. 

This behaviour is clearly depicted in Figure 6 (Case A) and Figure 7 (Case B), which 
compare the hourly EER of the baseline system with the integrated one. 

 

Figure 6. Hourly comparison of the Energy Efficiency Ratio (EER) for Case A. 

 

Figure 7. Hourly comparison of the Energy Efficiency Ratio (EER) for Case B. 
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Scenario S0 (blue trend) exhibits strong fluctuations driven by ambient conditions, 
with efficiency drops during summer peaks. In stark contrast, Scenario S1 (red trend) 
shows a constant EER profile during active cooling operation. This is because the com-
bined system (VCC 1 + VCC 2) operates between controlled temperature levels, evaporat-
ing at the DC temperature and condensing at the fixed TCS charging temperature (80 °C), 
thus decoupling the process efficiency from outdoor weather conditions. It is worth noting 
that the lower absolute value of the combined EER in the integrated scenario (approxi-
mately 2.3) compared to the baseline is the thermodynamic cost of the higher temperature 
lift required to upgrade the waste heat for storage purposes. 

Regarding the district-heating network, the annual consumption of thermal energy 
is 97,522 MWh/y, corresponding to 9122 Sm3 of natural gas (considering that 1 Sm3 is 
equivalent to 10.7 kWh). 

3.1.2. Scenario 1. Integration of DC Waste Heat into the DHN Through TCM 

Scenario S1 includes the integration of waste heat from DC into the DHN through a 
thermochemical energy storage system. Waste heat is produced at the condenser of VCC 
1, and upgraded at the necessary thermal level of thermochemical storage via the VCC 2. 
VCC 3 discharges the storage, releasing heat into the district-heating network. 

The combination of indirect free cooling and VCC 1 active cooling in the data centre 
results in an electricity consumption and waste heat, as reported in Table 6. 

Table 6. Annual electricity consumption and waste-heat production of data-centre cooling system, 
Scenario S1. 

Case Electricity 
FC 

Electricity 
AC  

Electricity 
Tot 

Waste Heat 
FC 

Waste Heat 
AC  

Waste Heat 
Tot 

 MWh MWh MWh MWh MWh MWh 
A 22.7 805.1 827.8 2 542.0 2 159.3 4 701.3 
B 27.8 414.0 441.8 3 342.5 1 185.8 4 528.3 

In the table, “Waste Heat AC” refers to the heat produced at the condenser of VCC 1 
during AC operations, and represents the thermal source of VCC 2. 

Switching from Case A to Case B, there is a consistent reduction in the electricity 
consumption of the data-centre cooling system (almost 45.0%, with the same logic as Sce-
nario S0), but this fact implies an equal reduction in the availability of waste heat during 
the AC mode due to the larger use of free cooling and better EER. 

This point is crucial in the coupling sector of data-centre cooling and district-heating 
networks. The increase in electrical consumption on the part of the data-centre operator—
derived from higher operative temperatures in the supply air to the IT equipment—must 
clearly be offset by benefits, including economic ones, arising from the savings that the 
district-heating operator can achieve in terms of reduced thermal energy supplied to the 
network. This trade-off highlights that the “optimal” operating condition for the IT equip-
ment is not a fixed parameter when looking at the integrated system. While Case A and 
Case B explore two static boundaries (prioritising heat recovery vs. prioritising DC elec-
trical efficiency), a fully optimised control strategy would likely operate dynamically be-
tween these limits. For instance, during periods of peak DHN demand, the system could 
favour the Case-A approach to maximise heat recovery, whereas, in periods of low ther-
mal demand, it could shift towards Case B to minimise electricity consumption via free 
cooling. 

Comparing the same cases with respect to Scenario S0, in Scenario S1, there is an 
increase in both electricity consumption and waste-heat production—considering VCC 1 
and VCC 2 together as a single system in Scenario S1—of almost 2.5 times. 
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The “chain” of thermal integration (waste heat VCC 1  VCC 2, charging heat VCC 
2  TCS, discharging heat TCS  VCC 3, integration heat VCC 3  DHN) is reported in 
Table 7. 

Table 7. Waste heat recovery and reutilisation process, scenario S1. 

Case 
Waste Heat 

VCC 1  VCC 2 
Charging Heat 
VCC 2  TCS 

Discharging Heat 
TCS  VCC 3 

Integration Heat 
VCC 3  DHN 

 MWh MWh MWh MWh 
A 2159.3 2643.1 2378.8 2469.8 
B 1185.8 1541.5 1306.4 1356.4 

The energy stored in the TCM coming from the DC waste-heat recovery process is 
2643.1 MWh in Case A and 1541.5 MWh in Case B (final value of the recovery from DC, 
steps VCC 1  VCC 2 and VCC 2  TCS). The greater value of waste heat for Case A is 
related to the lower evaporation temperature, so lower EER, of the VCC 1 (as in Scenario 
S0). The greater values of both cases with respect to Scenario S0 derive from the higher 
values of the final condensation temperature (condensation temperature of VCC 2, re-
quired to charge the TCS). Considering an efficiency of the TCS (heat released/heat 
charged) equal to 0.9, it leads to 2378.8 and 1306.4 MWh, respectively, being released into 
the DHN. In a real-world application, this efficiency obviously depends on the operative 
conditions, but it is in accordance with the experimental values obtained by the Authors 
during experimental activities. 

Considering the small size of DC compared to that of district heating, this energy 
accounted for 3.0% (Case A) and 1.7% (Case B) of the total demand of the DHN. The max-
imum percentage of waste heat in the DHN is almost 22.4% (Case A) and 21.8% (Case B); 
the annual trend is shown in Figure 8. 

 

Figure 8. Heat integrated in DHN, Scenario S1. 

The absolute value of data-centre waste heat integrated into the district-heating net-
work seems to be small (due to the small size of the data centre), but it is not negligible. 
The vital point is not only the possibility to effectively use the waste heat in the DHN, but 
the possibility to avoid the release of thermal energy into the environment surrounding 
the data centre (regardless of its size), with a significant impact in terms of reducing the 
urban heat island effect. 
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3.1.3. Comparison of VCC System Consumption Between Scenario 0 and Scenario 1 

The instantaneous electricity consumption of the base non-integrated solution—Sce-
nario S0 (VCC 1)—and the integrated solution—Scenario S1 (VCC 1 + VCC 2)—is reported 
in Figure 9, at the top for Case A and at the bottom for Case B. In the base scenario, the 
electricity consumption varies according to the variation in outdoor air temperature: the 
cooling system, in AC mode, is condensed by the outdoor air; consequently, the EER de-
pends on it. In the integrated scenario, the electricity consumption of VCC 1 + VCC 2 is 
constant: VCC 1 always evaporates at the data-centre evaporation condition, VCC 1 con-
denses, VCC 2 evaporates on the integration (water) loop at a fixed temperature, and VCC 
2 condenses at the charging temperature of the TCS, so the EER is constant. 

 
Case A 

 
Case B 

Figure 9. Electricity consumption of the data-centre cooling system. 

The difference between the two scenarios is driven by the heat-sink conditions. In the 
baseline, Scenario S0, the heat sink is the ambient air, which fluctuates significantly, caus-
ing the compressor power to vary continuously to maintain the temperature lift. In the 
integrated Scenario S1, the sink for the first stage (VCC 1) is the evaporator of the second 
stage (VCC 2), and the sink for VCC 2 is the thermochemical storage charging loop. Since 
the TCS charging temperature is fixed (e.g., 80 °C) and the internal loops operate at con-
trolled temperatures, the pressure ratios across the compressors remain constant. This 
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results in the flat electricity consumption profile observed for S1, decoupling the system 
efficiency from external weather conditions during active cooling operation. 

3.2. Exergy Analysis Results 
The trends of annual exergy efficiency (ηII) and the efficiency difference (ΔηII) for 

the two scenarios are reported as follows: 

 Comparison between Scenario S0 and Scenario S1, Case A, Figure 10; 
 Comparison between Scenario S0 and Scenario S1, Case B, Figure 11; 
 Difference in exergy efficiency between the two scenarios, Case A, Figure 12; 
 Difference in exergy efficiency between the two scenarios, Case B, Figure 13. 

 

Figure 10. Exergy efficiency for Scenario S0 and Scenario S1, Case A. 

 

Figure 11. Exergy efficiency for Scenario S0 and Scenario S1, Case B. 

The thermodynamic reason for the efficiency drops observed between May and Sep-
tember lies in the increased exergy destruction within the compressors. As the outdoor 
temperature rises, the temperature difference between the source (DC IT room) and the 
sink (outdoor air) increases. To overcome this gradient, the compressors must supply 
more work (high-quality energy). Since the cooling effect represents a thermal exergy 
transfer at low temperature (low-quality), the ratio of useful exergy output to work input 
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inevitably decreases. In contrast, during free-cooling operations (winter/intermediate 
months), the only exergy input is the electrical work for the fans, which is orders of mag-
nitude lower than the compressor work, resulting in significantly higher overall exergy 
efficiency. 

Generally speaking, the higher values of exergy efficiency, for both scenarios and 
both cases (Figures 10 and 11), are obtained during FC operations (12.0–16.0%). The utili-
sation of the AC mode during summer months, with the consumption of electricity for the 
compressors, leads to a reduction in the exergy efficiency (8.0–12.0%). 

It is interesting to note that, for the integrated scenario, the best values of exergy ef-
ficiency are obtained for Case A because there is a larger “output product” (the waste 
heat) that could be used inside the integrated systems. 

 

Figure 12. Difference in exergy efficiency for Scenario S0 and Scenario S1, Case A. 

 

Figure 13. Difference in exergy efficiency for Scenario S0 and Scenario S1, Case B. 

From the graphs of exergy efficiency difference, evaluated by the difference between 
Scenario S1 and Scenario S0 (Figures 12 and 13), it is possible to observe the increase in 
efficiency with the integrated scenario. Reusing and redirecting the waste heat into the 
district heating—that is, an “energy waste” towards the outdoor environment in the non-
integrated scenario—with the help of TCS, coupling availability, and demand represents 
a proper way to efficiently use the data centre as a thermal source. The favourable trend 
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of the integration scenario, in terms of exergetic efficiency, emerges despite the electrical 
energy required for the operation of VCC 2 and VCC 3 installed for thermal upgrading. 
The exergy analysis confirms that, in terms of efficient utilisation of energy forms (thermal 
and electric), the adopted strategy of coupling the DC and DHN via TCS and VCCs is 
correct. 

3.3. Further Possible Strategies for Waste-Heat Use 

From the results reported in Table 6, it is possible to observe that there is the availa-
bility of a large quantity of waste heat produced during free-cooling operations (2542.0 
and 3342.5 MWh/y for Cases A and B, respectively). The production of this thermal flux 
generally happens in the cold months, when there is also a huge demand from the district-
heating network. For a complete integration of data-centre waste heat into a district-heat-
ing network, a direct integration of waste heat via a heat pump could be advantageous, 
particularly if the data centre is located close to the DHN production plant. Given the 
presence of VCC 2 and VCC 3, it is also possible to recover waste heat during FC operation 
and integrate it into the DHN after thermal upgrading. In this way, the share of fuel re-
quired to meet the DHN demand can be further reduced, thereby further promoting its 
decarbonisation. 

3.4. Further Analysis of the Thermochemical Storage 

The results presented in the previous sections are based on assumptions derived 
from the preliminary experimental activities of the THUNDER project—specifically, a 
charging temperature of 80 °C and a round-trip efficiency of 0.9. However, given the in-
novative nature of the technology, it is fundamental to discuss how deviations from these 
design parameters affect the global performance. The simplified sensitivity analysis 
shown hereafter focuses on Case A. The relative variations observed for Case A are con-
sidered representative for Case B as well, since the thermodynamic behaviour of the up-
grading cycle (VCC 2) depends primarily on the temperature lift, which shifts rigidly 
when changing the DC source temperature. 

3.4.1. Effect of Charging Temperature 

The charging temperature of the TCS determines the condensation level of the sec-
ond-stage heat pump (VCC 2). Increasing this temperature (e.g., from 80 °C to 90 °C) to 
match specific reaction kinetics would require a higher temperature lift from the VCC 2. 
Thermodynamically, this leads to a reduction in the COP of the upgrading cycle. Sensitiv-
ity calculations indicate that a 10 °C increase in charging temperature results in an increase 
in electricity consumption for the VCC 2 of 25%, causing a consequent drop in the global 
exergy efficiency of the integrated scenario. Conversely, if the TCS material allows for 
lower activation temperatures (e.g., 70 °C), the electrical penalty decreases by 19%, mak-
ing the integration even more competitive. 

3.4.2. Effect of Round-Trip Efficiency 

The round-trip efficiency accounts for heat losses during the storage period and in-
efficiencies in the reactor. This parameter has a linear impact on the energy integrated into 
the DHN. Reducing the TCS efficiency from the assumed 0.9 to a more conservative 0.75 
would directly reduce the useful heat output (Qinteg) by roughly 17%. From an exergy 
perspective, a lower TCS efficiency implies that a larger fraction of the high-quality exergy 
input (electricity used in VCC 2) is dissipated without generating a useful heating effect, 
thus reducing the global exergy efficiency (ηII). 

3.5. Relevance of This Proposal for Low-Temperature District-Heating Networks 
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Although fourth- and fifth-generation district-heating systems are mentioned in the 
Introduction as part of the broader transition towards low-temperature and more flexible 
heating networks, the present study deliberately focuses on a real, third-generation DHN 
currently in operation in Varna (Bulgaria). The objective is not to optimise future network 
designs, but to assess the feasibility and thermodynamic performance of data-centre 
waste-heat integration within existing infrastructure. From a conceptual perspective, op-
erating at lower network temperatures, as foreseen in 4GDH/5GDHC systems, would be 
expected to further improve heat-pump performance, exergy efficiency, and the usable 
share of low-grade waste heat. However, a quantitative assessment of such effects would 
require a different network configuration and is, therefore, beyond the scope of the pre-
sent work. The results presented here should, thus, be interpreted as representative of 
current-generation district-heating systems, while also providing an upper-level indica-
tion of the potential benefits that could be achieved in lower-temperature modern DHNs. 

4. Conclusions 
In this paper, the possible utilisation of data-centre (DC) waste heat in a real, third-

generation district-heating network (DHN), located in Varna (Bulgaria), has been evalu-
ated. The waste heat originates from the data-centre cooling system, which dissipates the 
thermal load of the IT equipment. Two situations have been compared: a reference con-
figuration with an independently operated data-centre cooling system and district-heat-
ing generation plant (Scenario S0), and an integrated configuration in which data-centre 
waste heat is recovered through heat pumps (HPs) and thermochemical energy storage 
(TCS) and supplied to the district-heating network (Scenario S1). Two alternative thermal 
management strategies for the data centre have been considered in both scenarios (differ-
ent supply and return temperatures, free-cooling activation). An energy and exergy anal-
ysis has been conducted and extended to a full year of operation, on an hourly basis. 

For this specific case study, the main results can be summarised as follows: 

1. Despite the limited size of the analysed data centre (500 kW), recovered waste heat 
can supply 3.0% of the annual DHN demand and 22.4% of the instantaneous thermal 
load during favourable operating periods (Case A); 

2. Higher operating temperatures and increased use of free cooling reduce the electric-
ity consumption of the DC but limit the availability of recoverable waste heat, high-
lighting the need for coordinated strategies between DC and DHN operators. 

Beyond the specific case study, several findings have broader relevance for the inte-
gration of data-centre waste heat into district-heating systems: 

3. The integrated DC–HP–TES–DHN configuration systematically increases the overall 
exergy efficiency compared to the non-integrated scenario, confirming the thermo-
dynamic advantage of valorising waste heat; 

4. Thermochemical storage effectively decouples the temporal mismatch between 
waste-heat availability and district-heating demand, enabling seasonal heat shifting 
and increasing the share of usable recovered energy. 

While the analysed data centre represents a relatively small, edge-scale facility, the 
observed trends regarding exergy performance, the role of thermal storage, and the trade-
off between data-centre efficiency and heat recovery are expected to remain valid for 
larger installations and different district-heating network configurations. Overall, the re-
sults support the inclusion of data centres among viable urban waste-heat sources and 
underline the importance of heat-pump- and storage-supported integration schemes to 
enhance flexibility and accelerate the decarbonisation of existing district-heating net-
works. 
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Nomenclature 
General abbre-
viations 

  

AC Active cooling mode  
COMP Compressor of VCC  
COND Condenser of VCC  
DC Data centre  
DHN District-heating network  
EVAP Evaporator of VCC  
FC Free-cooling mode  
HE Heat exchanger  
IT Information and technology  
VCC Vapour Compression Cycle  
Thermodynamics   
COP Coefficient of performance  
cp Specific heat at constant pressure of air kJ/kg/K 
d Density of air kg/m3 
DP Pressure drop Pa 
DT Temperature difference °C 
E Total exergy kJ 
e Specific exergy kJ/kg 
EER Energy Efficiency Ratio  
eff Efficiency  
m Mass flow  kg/s 
Q Thermal power kW 
T Temperature °C 
TCM Thermochemical material  
TCS Thermochemical energy storage  
W Work kW 
Subscripts   
charg Charging heat of TCS  
cold Cold effect of VCC  
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D Exergy destruction  
disch Discharging heat of TCS  
f Fan  
H High temperature of VCC  
he Heat exchanger  
hot Referred to hot effect of VCC  
id Ideal  
II Second law of thermodynamics  
in Inlet  
integ Integration heat from the TCS to the DHN  
L Low temperature of VCL (from the context)  
L Exergy loss (from the context)  
lim FC Outdoor air maximum temperature for FC activation  
max Maximum  
min Minimum  
out Outlet  
pp Pinch point  
ref Refrigerant of the VCC  
return Return line of DHN  
set Threshold for the FC mode  
sink Sink of the VCC condenser  
supply Supply line of DHN  
waste Waste heat from DC at the condenser of VCC 1  
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