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A B S T R A C T

Data centre (DC) waste heat recovery for district-heated buildings often relies on costly heat pumps. However, 
the rise of liquid-cooled distributed/edge DCs driven by increasing computational demand offers new potential 
for cost-effective onsite recovery. These systems produce higher-temperature waste heat, making heat exchanger- 
only solutions more feasible. Yet full recovery remains challenging due to high return water temperatures in 
building heating networks and the passive nature of such systems. To overcome these limitations, this paper 
proposes an active DC waste heat recovery system (AHE-DCWHR) that enhances heat exchanger-only solutions 
through an innovative heating demand reallocation strategy. This strategy utilizes a small heat pump (1) to 
precool the return water of one heating network before entering the heat exchanger, increasing the inlet tem
perature difference to enable near-complete waste heat recovery, and (2) to reuse the extracted precooling en
ergy to heat another network, minimizing losses. AHE-DCWHR was validated in TRNSYS through 25-year life- 
cycle cost (LCC) and emission analyses for a liquid-cooled DC suppling 25 kW of waste heat to a district- 
heated building. During the 5-month winter, AHE-DCWHR consumed only 7.5 MWh of electricity for the heat 
pump (average COP = 4.75), enabling the heat exchanger to recover 98.4 % of the waste heat (~90 MWh), a 16 
% improvement over the heat exchanger-only system (75.1 MWh). Based on 25-year LCC and emission analyses, 
it saves €123,431 heating costs (vs. €106,501 for the heat exchanger-only system), cuts CO2 emissions by 
167,087 kg (vs. 134,711 kg), and achieves a two-year payback. AHE-DCWHR cost-effectively outperforms heat 
exchanger-only and heat pump systems.

1. Introduction

Based on the 2023 report by the International Energy Agency, 
buildings represent 30 % of the world’s final energy consumption and 
26 % of energy-related emissions, with CO2 being the predominant 
emission in this sector [1]. Concurrently, with the exponential growth of 
artificial intelligence and ChatGPT, energy consumption in data centres 
(DCs) is skyrocketing. Vinson & Elkins survey shows that DCs constitute 
approximately 2.5 % of U.S. electric demand, a figure projected to in
crease to 20 % by 2030. Cryptocurrency mining, consuming about 0.4 % 
of global annual electricity, has seen an electricity demand growth of 
2300–3500 % from 2015 to 2022 [2]. A recent analysis by The Guardian 
claims that DC emissions could be 662 % higher than reported by major 

tech companies. With the surge in energy demand in DCs, liquid cooling 
is expected to dominate in the future, which benefits waste heat re
covery due to the relatively higher temperatures compared to the con
ventional air-cooled DCs [3]. This offers a significant decarbonisation 
pathway for both the building sector and DCs, presenting a win-win 
solution for combating climate change. As Nordic countries are pio
neers in energy transition, Finland, for example, aims to achieve carbon 
neutrality and become the first fossil-free welfare society by 2035 [4]. 
DCs in Nordic countries have emerged as important heating resources 
for buildings decarbonisation [3].

1.1. Literature review

District heating (DH) systems are regarded as a key technology and 
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policy in the EU for decarbonising the building sector [5]. In Nordic 
nations, DH networks are extensively utilized for warming buildings. In 
Finnish cities, for example, more than 90 % of apartment buildings and 
70 % of other structures rely on DH [6]. Each building is equipped with a 
DH substation featuring heat exchangers that separate the primary DH 
network from the secondary water networks [7]. DH is then circulated 
through these secondary networks to provide hot water and heating to 
buildings. CO2 emissions in DH-heated buildings can be reduced 
through both direct and indirect approaches. The direct approach in
volves retrofitting secondary side networks to reduce DH demands by 
integrating additional renewable sources such as geothermal, solar en
ergy, and building waste heat into the heating networks [3,8]. The in
direct approach utilizes renewable energy, and industrial and building 
waste heat within DH networks to lower CO2 emissions [3,9–13]. Both 
direct and indirect methods can be applied in DCs to reduce CO2 emis
sions. Harnessing waste heat from DCs can also diminish their cooling 
demands, further contributing to CO2 emission reductions. In both 
methods, heat pumps are commonly adopted to upgrade liquid-cooled 
DC waste heat for local DH networks, nearby and onsite building heat
ing networks.

Hiltunen et al. [14] examined the potential of DC waste heat in the 
DH network of Espoo, Finland, as a substitute for fossil-based heat 
production. In 2016, the DH network had a production capacity 
exceeding 1200 MWth and met about 2.4 TWh of annual heat demand, 
including distribution losses. The plan aimed to achieve 85 % 
carbon-neutral heat by 2026 by replacing an 80 MWth coal-fired HOB 
(heat only boiler) and a 160 MWth coal-fired CHP plant with two 
wood-chip-fired HOBs and wastewater and DC heat pumps. The study 
focused on a 100 MWth DC heat pump with a COP (coefficient of 

performance) of 5.5, recovering liquid-cooled DC waste heat at 44 ◦C 
and supplying 70 ◦C water to the DH network. EnergyPro simulations 
confirmed that integrating DC waste heat could enable 85 % 
carbon-neutral heat production, reducing the average production cost 
from €34.89/MWh to €33.34/MWh and annual CO2 emissions from 
168.1 ktonCO2 to 128.5 ktonCO2. Oltmanns et al. [15] proposed using a 
360 kW liquid-cooled DC on a university campus to supply heat to 
campus buildings. The campus heat and power station provided heating 
for these buildings, while the DC waste heat at 45 ◦C was upgraded by a 
heat pump, raising the station’s return line temperature from 55-70 ◦C to 
60-75 ◦C-an increase of about 5 ◦C. Simulations using IDA ICE indicated 
that roughly 50 % of the waste heat (about 1600 MWh annually) could 
be recovered, reducing annual CO2 emissions by around 720 tons (≈4.2 
%). The high waste heat temperature enabled the heat pump to achieve 
an average COP of 6.8.

Despite the reduction in CO2 emissions and alignment with the EU’s 
climate targets, the higher upfront cost of heat pumps has hindered their 
deployment [16]. Recently, the rapid increase in server power densities 
has driven the adoption of liquid-cooled distributed/edge DCs, which 
may offer a solution to this challenge by using cost-effective heat ex
changers alone, eliminating the need for heat pumps [3]. In particularly, 
the direct-to-chip cooling has gained great popularity. It employs cold 
plate technology to cool high-heat electronic components like CPUs, 
GPUs, and memory modules [17–22]. It can produce waste heat of 50 ◦C 
upward [23], making it compatible with the maximum supply water 
temperature of certain low-temperature building heating. Commercial 
buildings typically have two heating networks for warming buildings in 
their DH substations: one for space heating and one for ventilation 
heating. Space heating networks are usually connected to radiators, 

Nomenclature

C0 initial investment cost in euros (€)
Ccoolant heat capacity rate of the coolant (kW/oC) on the secondary 

side of the CDU (cooling distribution unit)
chx,ld liquid specific heat capacity on the source side of WHR_HX 

(kJ/kg/oC)
chx,src liquid specific heat capacity on the source side of WHR_HX 

(kJ/kg/oC)
Cn annual cash flow in euros (€)
CDH

n cost savings from district heating used for both space and 
ventilation heating networks (€)

Celectricity
n electricity cost for operating the heat pump (€)

Cmaintainance
n maintenance cost associated with both CDH

n and Celectricity
n 

(€)
ECO2,red annual CO2 emission reduction (kgCO2/MWh)
ṁhx,ld mass flow rate on the load side of WHR_HX (kg/s)
ṁhx,src mass fluid rate on the source side of WHR_HX (kg/s)
ṁvh total mass flow rate of the ventilation heating network (kg/ 

s)
N total number of years
q̇server power dissipated by servers (25 kW)
q̇waste heat transfer rate through the heat exchanger (kW)
q̇waste,avg the average recovered waste heat (kW) during simulation 

period (01.11.2023–31.03.2004)
Q̇sh current space heating demand (kW)
Q̇vh current ventilation heating demand (kW)
QDH,sv saved district heating energy (MWh)
QHP electricity consumption for the heat pump (MWh)
r discount rate
Tcoolant,in rack inlet coolant temperature (◦C)
Tcoolant,out rack outlet coolant temperature (◦C)

Twaste waste heat temperature on the primary side of CDU (◦C)
Trtn return water temperature for a heating network (◦C)
Trtn,avg the average return water temperature of the ventilation 

heating network during the simulation period 
(01.11.2023–31.03.2004) (oC)

Trtn,h heated return water temperature after WHR_HX (◦C)
Tsh,r return water temperature for the space heating network 

(◦C)
TTV3Mixing return temperature of the ventilation heating network at 

the TV3Mixing point (◦C)
Tvh,r return water temperature for the ventilation heating 

network (◦C)
εDH emission factor for district heating (kgCO2/MWh)
εelectricity emission factor for electricity (kgCO2/MWh)
εwaste effectiveness of the heat recovery heat exchanger
φ sh mass flow rate ratio of return water from the space heating 

network to the load-side flow of WHR_HX
φ vh mass flow rate ratio of return water from the ventilation 

heating network to the load-side flow of WHR_HX

Abbreviations
AHE-DCWHR active heat exchanger data centre waste heat recovery
CDU cooling distribution unit
CDU_HX CDU liquid-to-liquid heat exchanger
CHP Combined heat and power
CO2 carbon dioxide
COP coefficient of performance
DC data centre
DH district heating
HOB heat only boiler
LCC life cycle cost
NPV net present value
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while ventilation heating networks supply heat to air handling units to 
warm outdoor air to the desired temperatures. The supply water tem
perature for the secondary side networks of two heating networks can be 
as low as 45 ◦C for radiator heating and 35 ◦C for underfloor heating [3,
8]. Consequently, this high-quality waste heat could be directly reused 
without the need for a heat pump for both heating systems.

Zimmermann et al. [19] tested Aquasar, a DC prototype cooled with 
hot water and designed for waste heat reuse. The system housed both 
water- and air-cooled IBM BladeCentre servers with a total load of 7–8 
kW. About two-thirds of the servers used direct-to-chip liquid cooling, 
while the rest were air-cooled. The cooling system consisted of three 
loops: a primary loop that cooled the electronic components, trans
ferring heat to an intermediate loop via a heat exchanger, and then to 
the building heating grid through another heat exchanger. A three-way 
valve in the intermediate loop could also supply additional cold water to 
prevent overheating. Results showed that about 80 % of the waste heat 
from the liquid-cooled components was successfully recovered for the 
building heating grid.

Lu et al. [3] investigated the use of direct-to-chip cooling and the 
distributed/edge DC concept to recover waste heat from a single 
liquid-cooled rack for an office building’s secondary heating network, 
aiming to reduce DH consumption. The DC, located inside the building, 
had a total capacity of 50 kW–30 kW for direct-to-chip cooling of one 
rack and 20 kW for free air cooling. A steady 25 kW of heat was 
recovered from the liquid-cooled rack. The office building’s annual 
space heating demand was 285,662 kWh, with maximum secondary 
network temperatures of 45 ◦C (supply) and 30 ◦C (return). Two heat 
exchanger configurations were analysed: Configuration 1, connected to 
the secondary side of the cooling distribution unit (CDU), and Config
uration 2, connected to the primary side. Life cycle cost (LCC) and CO2 
emission reductions were evaluated over 25 years using TRNSYS 18 
simulations. Both configurations achieved payback periods of less than 
one year. Configuration 1 performed better in DH savings, electricity 
savings for the dry cooler and CDU pump, and CO2 emission reduction. 
Annually, it utilized about 71 % of the waste heat compared with 63 % in 
Configuration 2. Over 25 years, Configuration 1 reduced CO2 emissions 
by 291,996 kg, while Configuration 2 achieved a reduction of 258,192 
kg. Similar studies using only heat exchangers for waste heat recovery 
from liquid-cooled DCs include [15]. Despite advancements, the use of 
heat exchangers alone faces challenges because, although the return 
water temperatures in these networks are lower than the waste heat 
temperatures, they are not low enough for full waste heat recovery, 
leading to inefficient DC waste heat recovery.

1.2. Challenges for state-of-art liquid-cooled DC waste heat recovery 
solutions

In summary, the literature indicates that DC waste heat can be uti
lized for local DH networks or for nearby and onsite buildings. Distrib
uted/edge DCs, typically located within buildings, are particularly 
suited for supplying waste heat to onsite heating systems, effectively 
serving as data furnaces [3]. Two primary types of liquid-cooled DC 
waste heat recovery systems have been identified: (1) heat pump-based 
systems [14,15] and (2) heat exchanger-only systems [3,15], which rely 
solely on heat exchangers for heat recovery. Due to the supply water 
temperature requirements of energy companies, heat pump systems are 
typically preferred for DH networks. Both suffer from either economic or 
technical limitations. For example, for a 100 kW liquid-cooled DC, since 
DC waste heat is commonly used directly as a heat pump’s heat source in 
a heat pump system, this requires a heat pump with at least 100 kW heat 
absorption capacity, leading to high investment and operation costs.

In commercial buildings, ventilation heating networks typically have 
higher demand and lower return water temperatures than space heating 
networks, making them more suitable for DC waste heat recovery 
through heat exchangers-especially in small distributed/edge DCs, 
where near-complete heat recovery is achievable and highly beneficial 

during cold winters. However, current heat exchanger-only systems [3,
15]-particularly those recovering waste heat from the primary side of 
liquid cooling systems (e.g., internal CDUs integrated within racks 
[24])-face limitations due to their passive nature, as they depend on the 
return water temperatures of building heating networks for full DC 
waste heat recovery. Although enlarging the heat transfer area of the 
heat exchanger in a heat exchanger-only system may enhance its 
effectiveness, it does not ensure complete recovery of DC waste heat. 
Even with a theoretical effectiveness of 1, a sufficient temperature dif
ference between the DC waste heat and the return water of the building 
heating network remains essential for full recovery. In many practical 
cases, the return water temperature of the ventilation heating network is 
not low enough to provide this required temperature difference, 
resulting in partial rejection of the available waste heat. Increasing this 
temperature difference can indeed enable full waste heat recovery in the 
heat exchanger; however, achieving this requires extracting energy from 
the return water of building heating networks, and efficiently reusing 
this energy to minimize losses remains a challenge.

Therefore, a clear research gap exists in developing cost-effective and 
scalable solutions for decarbonizing heating in DH-supplied buildings. 
Specifically, there is a need for systems that can achieve near-complete 
waste heat utilization than heat exchanger-only systems while remain
ing more economically viable than conventional heat pump systems.

1.3. Innovations and contributions

This study addresses the identified research gaps by developing an 
active heat exchanger DC waste heat recovery (ACH-DCWHR) system, 
which enhances heat exchanger-only systems.

The goal of the ACH-DCWHR system is to provide a solution that 
enables existing heat exchanger–only systems reported in the literature 
to achieve potential full DC waste heat recovery with minimal electricity 
consumption. Unlike existing conventional heat exchanger–only sys
tems, the ACH-DCWHR system combines a heat exchanger for direct DC 
waste heat recovery with a small heat pump that lowers the return water 
temperature of the building heating network. This increases the tem
perature difference between the source and load inlet temperatures, 
thereby enabling complete DC waste heat recovery with minimal elec
tricity consumption. The system is designed to recover waste heat from 
small liquid-cooled distributed/edge DCs and supply it to the onsite 
building’s heating networks.

The key contributions are. 

• The AHE-DCWHR system is based on a novel concept of heating 
demand reallocation, which employs a compact, low-power heat 
pump to transfer heat from the ventilation heating network’s return 
line to that of the space heating network. This reallocation of heating 
demand between the two heating networks offers the following ad
vantages for achieving complete DC waste heat recovery:

1. Enhanced temperature difference for the heat exchanger: The 
return water of the ventilation heating network is precooled before 
entering the heat exchanger, increasing the temperature difference 
needed for nearly complete recovery of the available waste heat from 
the liquid-cooled DC.

2. Energy reuse: The precooling energy extracted from the ventilation 
heating network’s return water is reused to heat the space heating 
network. This is the core of the heating demand reallocation concept. 
Without it, increasing the temperature difference across the heat 
exchanger would require considerable energy. In practice, imple
menting this process via a small heat pump requires minimal elec
tricity, as the heat pump’s COP is typically near 5 due to return water 
temperatures exceeding 20 ◦C. Thus, only about 25 % of the pre
cooling energy input is needed to achieve full DC waste heat 
recovery.

3. A small-capacity heat pump used. In the AHE-DCWHR system, the 
heat pump’s role is limited to precooling the return water of the 

T. Lu et al.                                                                                                                                                                                                                                       Energy 341 (2025) 139324 

3 



ventilation heating network to increase the temperature difference 
between the source and load inlets, enabling full recovery of DC 
waste heat by the heat exchanger. Essentially, the heat pump assists 
the heat exchanger in recovering only the portion of waste heat that 
the heat exchanger alone cannot recover—typically a much smaller 
amount than the total waste heat. Consequently, compared with 
conventional heat pump systems where large heat pumps are 
required to recover all DC waste heat, the AHE-DCWHR system 
achieves full recovery using a significantly smaller and more energy- 
efficient heat pump.

4. Efficient waste heat utilization: Due to the heat transfer (i.e., 
heating demand reallocation) from the ventilation heating network 
to the space heating network, the ventilation heating demand in
creases, ensuring that DC waste heat is always reused through the 
ventilation heating network-even when the available waste heat 
exceeds its demand. In such cases, the recovered waste heat is able to 
be shared across both heating networks without flow mixing, thereby 
simplifying hydraulic control. In contrast, conventional heat 
exchanger-only systems must mix the return water flows from the 
two heating networks to enable waste heat utilization across them.

By intelligently reallocating heating demand, the AHE-DCWHR sys
tem overcomes the limitations of passive systems and reduces reliance 
on large, high-capacity heat pumps. The result is a highly efficient, cost- 
effective, and scalable solution for DC waste heat recovery that surpasses 
conventional heat exchange-only and heat pump systems in both per
formance and economic viability. 

• The AHE-DCWHR system was validated using the TRNSYS com
mercial simulation package, based on a real-world liquid-cooled DC 
developed under the EU-funded WSTAR project, demonstrating an 
efficient and scalable solution for DC waste heat recovery.

Overall, the key innovation of the AHE-DCWHR system lies not 
merely in improving existing heat exchanger-only systems, but in 
enabling them to achieve complete DC waste heat recovery with mini
mal electricity consumption through the innovative concept of heating 
demand reallocation using a small auxiliary heat pump.

The paper is organised as follows. 

• Section 2 introduces the building’s space and ventilation heating 
networks and the liquid-cooled rack used in the study. It also pre
sents the state-of-the-art heat exchanger-only system and provides a 
detailed comparison between the heat exchanger-only and AHE- 
DCWHR systems within the context of the case study.

• Section 3 describes the TRNSYS models developed for the heat 
exchanger-only and AHE-DCWHR systems. It also outlines the LCC 
and CO2 emission reduction methodologies, along with investment, 
installation, and maintenance cost assumptions for both systems.

• Section 4 presents and analyses the results from Section 3, with a 
focus on DH savings, LCC performance, and CO2 emission reductions 
of the AHE-DCWHR system compared to the heat exchanger-only 
system.

• Section 5 concludes the paper and outlines directions for future 
research.

2. Methodology

This study aims to present a proposed DC waste heat recovery system 
capable of fully utilizing waste heat from distributed/edge DCs to supply 
the onsite building’s heating networks. Specifically, the goal is to 
significantly enhance the performance of current state-of-the-art heat 
exchanger-only systems that rely solely on heat exchangers. To achieve 
this, we will first provide a detailed description of the distributed/edge 
DC facility and the onsite building’s space and ventilation heating net
works. Next, we will present the existing heat exchanger-only systems, 

highlighting their limitations. Finally, the proposed AHE-DCWHR sys
tem is introduced as a cost-effective solution that overcomes the limi
tations of existing systems to enable complete DC waste heat recovery.

2.1. Facility description

2.1.1. Building heating networks
Fig. 1 illustrate layouts of typical building space and ventilation 

heating networks.
In this study, the building heating networks refer to the secondary 

networks of the building systems, which are directly connected to the 
heat emitters (e.g., radiators, heating coils), rather than the primary 
networks linked to the local DH networks managed by the energy 
company. Waste heat recovery systems, such as those examined here, 
are typically permitted to connect only to the secondary networks. In 
Fig. 1, the control centre regulates TV1 and TV2 in the primary networks 
to control the DH flow to heat exchangers 101 and 102, maintaining the 
secondary supply water temperature at the set value based on outdoor 
temperature. This regulation does not affect the operation of a waste 
heat recovery system on the secondary network. Consequently, only 
measurements from the secondary networks are available (see Fig. 1), 
while supply and return water temperature data from the primary 
network are not measured and are therefore not illustrated in Fig. 1.

The real case study of Fig. 1 represented in this paper is located in an 
office building in Vaasa, Finland (63◦06′N, 021◦37′E), with a gross floor 
area of 3268 m2. Both heating networks are fully supplied by DH. In 
2023, measured heating energy consumption was 95.8 MWh for space 
heating and 178.1 MWh for ventilation heating, with the latter exhib
iting significantly higher demand. This study focuses on the winter 
months (January, February, March, November, and December), which 
account for over 70 % of the building’s annual heating consumption. 
Utilizing DC waste heat during this period presents strong potential for 
CO2 emission reductions and cost savings, given the elevated DH pricing 
in winter.

During winter, the return water temperature of the ventilation 
heating network ranges from 22 ◦C to 33 ◦C (average 27 ◦C), while that 
of the space heating network ranges from 26 ◦C to 44 ◦C (average 34 ◦C). 
Due to its approximately 7 ◦C lower average return temperature, the 
ventilation network is more suitable for recovering high-grade DC waste 
heat via heat exchanger-only systems.

Although based on real case data, the network configurations in 
Fig. 1 are representative of typical configurations in modern commercial 
buildings, for example post-2000 ones in Northern Europe, where 
ventilation heating networks generally exhibit higher heating demands 
and lower return water temperatures than space heating networks.

2.1.2. WSTAR data centre
The case study DC is the distributed/edge WSTAR DC, which allo

cates 30 kW for direct-to-chip liquid cooling in a single rack and 20 kW 
for free air cooling [3]. Waste heat from the 30 kW liquid-cooled rack is 
recovered to supply the onsite building heating networks (Fig. 1). The 
liquid-cooled rack (Fig. 2) is situated within the building, adjacent to the 
DH substation, which houses the primary piping, equipment (e.g., heat 
exchangers, pumps), and sensors for the space and ventilation heating 
networks depicted in Fig. 1.

In a self-contained liquid-cooled rack (see Fig. 2), the CDU is typi
cally integrated within or positioned adjacent to the rack [24]. In such 
configurations, the secondary side of the CDU is located inside the rack, 
making access difficult. Therefore, in this study, waste heat recovery is 
carried out from the primary side of the CDU, which is more accessible 
and common in practice.

Because the liquid cooling system shown in Fig. 2 has been thor
oughly detailed in Ref. [3], we only provide a brief overview here. A 
steady 25 kW of heat is assumed to be captured from this 30 kW rack. All 
liquid-to-liquid heat exchangers in this study are assumed to have a 
constant effectiveness of 0.7 [3,25–27]. Commercial CDU products from 
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Asetek [27], nVent [28], and CoolIT [29] typically have a 
liquid-to-liquid heat exchanger effectiveness ranging from 0.5 to 0.8 [3]. 
Therefore, an effectiveness of 0.7 is a realistic and commonly adopted 
value for modeling DC waste heat recovery systems in the literature, 
particularly in TRNSYS-based studies [3,25,26].

All relevant input data for the CDU are sourced directly from Ref. [3]. 
The resulting input data are shown in Table 1. Details about the dry 
cooler and circulation pumps (see Fig. 2) are omitted here as they are not 
significant for this study (see Table 1 in Ref. [3]).

The coolant inlet temperature (40 ◦C in Fig. 2) is maintained at 

approximately 40 ◦C in this study, which is close to Asetek’s experi
mental value of 41 ◦C [27]. The coolant outlet temperature on the sec
ondary side (63 ◦C in Fig. 2) is calculated using the following formula 
[3]: 

Tcoolant,out =Tcoolant,in +
q̇server

Ccoolant
(1) 

where Tcoolant,out and Tcoolant,in are coolant outlet and inlet temperatures 
respectively (oC), q̇server is the power dissipated by servers (25 kW) and 
Ccoolant is the heat capacity rate of the coolant (kW/oC) on the secondary 
side. In practice, the power dissipated by servers (q̇server) is not constant 
and increases as the coolant inlet temperature (Tcoolant,in) decreases. 
However, in this case study, the coolant inlet temperature is nearly 
constant at 40 ◦C, so the formula remains valid and the coolant outlet 
temperature is kept near 63 ◦C. Asetek’s experimental coolant inlet and 
outlet temperatures are reported as 41 ◦C and 65 ◦C on the secondary 
side, respectively [27], which are close to the values used in this study.

2.2. State-of-the-art DC waste heat recovery systems and limitations

State-of-the-art DC waste heat recovery systems include heat pump 
systems and heat exchanger-only systems, as discussed in Section 1. In 
the case of heat pump systems [30], the heat pump must have a 

Fig. 1. Building space and ventilation heating networks.

Fig. 2. The layout of the liquid-cooled rack.

Table 1 
Some important input data for modelling the case liquid-cooled rack.

CDU (coolant distribution unit)
Heat exchanger effectiveness (CDU_HX as well as 

other heat exchangers)
0.7 [3, 25, 26, 27]

Secondary side
Coolant specific heat capacity (kJ/kg.oC) 3.91 (water mixed with 

propylene glycol) [3]
Mass flow rate (kg/h) 1000 [3]
Primary side
Fluid specific heat capacity (kJ/kg. oC) 3.53 (water mixed with 

propylene glycol) [3]
Mass flow rate (kg/h) 1200 [3]
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minimum heat absorption capacity of 25 kW to fully recover 25 kW of 
waste heat from the DC, which are associated with high capital, oper
ational, and maintenance costs. Therefore, they are excluded from 
consideration from cost-effective perspective. Instead, the focus is 
placed on the more economical heat exchanger-only systems illustrated 
in Fig. 3.

Fig. 3 depicts the layout of the heat exchanger-only system design for 
the liquid-cooled rack.

2.2.1. Governing equations for the heat exchanger-only system
As shown in Fig. 3, when using waste heat to raise the return water 

temperatures of the heating networks through a liquid-to-liquid heat 
exchanger (WHR_HX), the heat transfer rate (q̇waste, kW) is determined 
by the following formula, provided the liquid heat capacity rate on the 
load side of the heat exchanger is greater than that on the source side: 

q̇waste = εwastechx,srcṁhx,src(Twaste − Trtn) (2) 

where chx,src and ṁhx,src are the liquid specific heat capacity (kJ/kg/oC) 
and mass fluid rate (kg/s) on the source side of the heat exchanger, Twaste 
is the waste heat temperature on the primary side (52 ◦C in Fig. 3), Trtn is 
the return water temperature from the heating networks (28 ◦C in Fig. 3) 
and εwaste is the effectiveness of the heat exchanger (0.7 in this study). 
The multiplication of mass flow rate and specific heat capacity is also 
called liquid heat capacity rate (kW/oC). According to Eq. (2), Table 1, 
and Figs. 2 and 3, the return water temperature Trtn must be reduced to 
22 ◦C, namely the temperature difference between load and source inlet 
temperatures must be greater than 30 ◦C for WHR_HX, to enable full 
recovery of 25 kW of DC waste heat.

The load flow rate is set to constant 1080 kg/h (see Fig. 3), ensuring 
that the heat capacity rate on the load side of the heat exchanger 
WHR_HX is greater than that on the source side, even at full load (1200 

kg/h). This way, according to Eq. (2), the recovered waste heat is 
determined entirely by the flow rate on the source side of WHR_HX, 
which can be regulated by the three-way valve TV4.

The load-side fluid of WHR_HX is a mixture of return water from both 
the space and ventilation heating networks, determined by the following 
mass flow rate ratios: 

φ vh =1,φ sh = 0 when Q̇vh ≥ 25 kW,

φ vh =
Q̇vh

Q̇vh + min (Q̇sh, (25 − Q̇vh))
,φ sh =1 − φ vhwhen Q̇vh <25 kW (3) 

where φ vh and φ sh represent the mass flow rate ratios of return water 
from the ventilation and space heating networks, respectively, to the 
load-side flow of WHR_HX. Q̇vh and Q̇sh denote the current ventilation 
and space heating demands (kW), with 25 kW corresponding to the DC 
waste heat capacity. According to Eq. (3), DC waste heat is first allocated 
to the ventilation heating network due to its lower return water tem
perature. Any surplus is then directed to the space heating network. For 
instance, Fig. 3 shows a case where all recovered DC waste heat is used 
solely for heating the ventilation heating network, as its heating demand 
exceeds 25 kW.

The load inlet temperature of WHR_HX, denoted as Trtn in Eq. (2) and 
represented by the mixed temperature at the TV3TV5Mixing point in 
Fig. 3, is calculated as: 

Trtn =Tvh,rφvh + Tsh,rφ sh (4) 

where Tvh,r and Tsh,r are the return water temperatures (oC) from the 
ventilation and space heating networks, respectively.

The load outlet temperature of WHR_HX, i.e., the warmed return 
water after heat recovery (Trtn,h, oC), is calculated as: 

Fig. 3. The layout of the heat exchanger-only system for the liquid-cooled rack (WHR_HX: waste heat recovery heat exchanger).
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Trtn,h =Trtn +
q̇waste

chx,ldṁhx,ld
(5) 

Where chx,ld is the specific heat capacity (4.186 kJ/kg/◦C for water), and 
ṁhx,ld is the mass flow rate (kg/s) on the load side of WHR_HX.

The final return temperature of the ventilation heating network at 
the TV3Mixing point (Fig. 3), TTV3Mixing (oC), is given by: 

TTV3Mixing =Trtn,h

(
ṁhx,ldφ vh

)

ṁvh
+ Tvh,r

(

1 −

(
ṁhx,ldφ vh

)

ṁvh

)

(6) 

where ṁvh is the total mass flow rate of the ventilation heating network 
(kg/s) (Note: φ vh = 1 for the AHE-DCWHR system when using this 
equation, see Section 2.3).

Eqs. (2) and (5)–(6) are fundamental to modelling both the heat 
exchanger-only and AHE-DCWHR systems. The temperature TTV3Mixing is 
monitored in both systems to regulate DC waste heat flow to WHR_HX. 
Given the ventilation heating network’s lower return temperature and 
higher heating demand, prioritizing its use for DC waste heat recovery is 
essential. Therefore, monitoring TTV3Mixing is sufficient, even when the 
return flow to WHR_HX includes mixed return water from both heating 
networks (as described in Eq. (3)).

The heat exchanger-only system operates as follows in this study. 

• When the ventilation heating demand is ≥ 25 kW, the three-way 
valve TV4 is fully opened to maximize DC waste heat recovery 
through WHR_HX.

• When the ventilation heating demand is < 25 kW, TV4 modulates the 
source flow to WHR_HX, ensuring that the warmed return water 
temperature of the ventilation heating network (TV3Mixing in Fig. 3) 
approaches the current supply temperature setpoint, based on 
measured data.

2.2.2. Limitations
As low-temperature DH networks gain attraction globally, new reg

ulations aim to reduce return water temperatures on the secondary side 
of building heating systems. For instance, Finnish regulations for new 
buildings and major renovations recommend return temperatures not 
exceeding 30 ◦C [8]. Low-carbon policies support wider application of 
heat exchanger-only systems as state-of-the-art waste heat recovery so
lutions, given their advantages of low capital, operational, and main
tenance costs.

However, as detailed above, the systems cannot ensure complete DC 
waste heat recovery, primarily due to their inherent limitation, their 
passive nature. They are unable to actively adjust operating conditions 
such as the temperature difference between source and load inlets, 
which significantly limits the potential for full waste heat recovery.

2.3. New solution: active heat exchanger DC waste heat recovery (AHE- 
DCWHR) systems

To address the limitations of the state-of-the-art waste heat recovery 
systems, we propose a new system, AHE-DCWHR system, designed to 
overcome the passive nature of the heat exchanger-only system and 
enable near-complete DC waste heat recovery at minimal costs. The 
system diagram is shown in Fig. 4.

As shown in Figs. 3 and 4, both systems utilize heat exchanger 
WHR_HX for waste heat recovery. The key difference is that the AHE- 
DCWHR system incorporates an additional heat pump, based on an 
entirely new technical concept. This concept will be explained in detail 
in the following sections, where the system’s performance advantages 
are assessed. Further advantages of the proposed system, particularly in 
comparison to heat exchanger-only systems, will also be presented 
below.

Fig. 4. The proposed AHE-DCWHR system for the case building space and ventilation heating networks and liquid-cooled rack (the heat pump is on when the valve 
FV2 is opened, and valve FV1 is closed).
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2.3.1. New concept: active reallocation of building heating demands
To demonstrate the proposed concept, we utilize data from our case 

study (see Figs. 3 and 4 for temperature data). The performance ad
vantages observed can be easily scaled to more general applications. 
Fig. 5 illustrates the energy flows from Figs. 3 and 4 that demonstrate 
how the proposed active AHE-DCWHR system overcomes the passive 
limitations of the heat exchanger-only systems. The figure highlights the 
fundamental difference between the active operation of the AHE- 
DCWHR system and the passive nature of heat exchanger-only sys
tems. Further detailed analysis and discussion validating the superior 
performance of the proposed AHE-DCWHR system are presented below.

For the given design outdoor temperature of − 28 ◦C in Vaasa region 
in winters, as shown in Figs. 3 and 4, the ventilation heating demand 
significantly exceeds 25 kW, meaning that the maximum possible waste 
heat recovered from both systems is required to supply the ventilation 
heating network only. In this study, the effectiveness–NTU method [31] 
(Eq. (2)) is used to analyze the amount of recovered DC waste heat for 
both systems, as the heat exchanger’s effectiveness (assumed constant), 
mass flow rates, and inlet temperatures on both sides are known, while 
the outlet temperatures are unknown. For example, in the case shown in 
Fig. 5, Eq. (2) indicates that the recovered waste heat — the primary 
focus of this study— primarily depends on the temperature difference 

between the DC waste heat and the return water from the ventilation 
heating network (i.e., the inlet temperature difference across the heat 
exchanger). Therefore, this inlet temperature difference is used instead 
of the logarithm mean temperature difference (LMTD) to illustrate how 
the AHE-DCWHR system increases it to achieve full waste heat recovery 
and outperform the heat exchanger-only system. The LMTD method is 
well suited for sizing a heat exchanger to achieve specified outlet tem
peratures when the mass flow rates and the inlet and outlet temperatures 
of both hot and cold fluids are known [31]. Since this study focuses on 
achieving full DC waste heat recovery rather than equipment sizing, the 
effectiveness–NTU method, based on the inlet temperature difference, is 
adopted instead of the LMTD approach to better support the analysis in 
Fig. 5.

The results show that the AHE-DCWHR system fully recovers 25 kW 
of waste heat, compared to only 20 kW by the heat exchanger-only 
system—a 20 % increase. This 20 % more waste heat recovery is ach
ieved by a small-capacity heat pump, which lowers the return water 
temperature from 28 ◦C to 22 ◦C, corresponding to 7.5 kW of extracted 
heat from the ventilation heating return flow. This 7.5 kW of extracted 
heat is not wasted; instead, it is intelligently redirected to the space 
heating network, raising the return temperature from 38 ◦C to 41 ◦C. The 
small-capacity heat pump requires only 2 kW of electricity input.

Fig. 5. DC waste heat recovery situations in a) the heat exchanger-only system, and b) the AHE-DCWHR system (energy flow from Figs. 3 and 4).
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2.3.2. Superior performance of the AHE-DCWHR system
To highlight the superior performance of the AHE-DCWHR system 

compared to the state-of-the-art heat exchanger-only system, it can 
recover 20 % more waste heat by reallocating 7.5 kW of heating demand 
from the ventilation to the space heating network, achieving complete 
waste heat recovery. This reallocation increases the temperature dif
ference between the hot and cold fluids at the heat exchanger (WHR_HX) 
from 24 ◦C to 30 ◦C, while requiring only 2 kW of electricity input (see 
Fig. 5b). In other words, 2 kW of electricity enables recovery of an extra 
5 kW of waste heat, making the process highly cost-effective—especially 
given that Finland’s electricity-to-district heating price ratio is typically 
below 1.5.

This innovative approach forms the basis of the building heating 
demand reallocation concept, which involves transferring heat between 
the return lines of the space and ventilation heating networks. For 
example, 7.5 kW is transferred from the ventilation to the space heating 
network in Fig. 5b. This enables effective redistribution of heating de
mand between the two heating networks without any energy waste. 
Therefore, unlike the single-stage heat exchanger-only system, the AHE- 
DCWHR system operates as a two-stage solution: it first reallocates 
building heating demand using a heat pump to improve the conditions 
for full DC waste heat recovery at the heat exchanger, and then recovers 
the DC waste heat through a conventional heat exchanger.

A heat pump is well suited for implementing heating demand real
location due to its ability to: (1) absorb energy on the source side by 
lowering the return water temperature, enabling near-complete DC 
waste heat recovery in many heating networks; (2) reuse the extracted 
energy to supply, for example, the space heating network; and (3) 
operate with a high COP of around 5, because return water temperatures 
in typical building heating systems are generally above 20 ◦C, ideal for 
heat pump operation.

Finally, it is worth mentioning that the state-of-the-art full scale heat 
pump solution requires a heat absorption capacity of 25 kW, which is 3.3 
times higher than the 7.5 kW capacity of the small heat pump used in the 
AHE DCWHR system, resulting in significantly higher investment costs 
and carbon emissions.

2.3.3. Practical implementation of the AHE-DCWHR system
Importantly, the AHE-DCWHR system’s practical implementation is 

simple. The two-way valves FV1 and FV2 in Fig. 4 control the heat 
pump’s operation. The heat pump is active when FV2 is open and FV1 is 
closed, and inactive when FV2 is closed and FV1 is open. The heat pump 
is switched off only when the heat exchanger alone can meet the total 
heating demand of both networks. However, during the winter season, 
this is rare due to relatively high return water temperatures in the 
ventilation heating network. To simplify the analysis, when the heat 
pump is off, the recovered waste heat is directed solely to the ventilation 
heating network. Nonetheless, the AHE-DCWHR system can be easily 
configured to supply both space and ventilation networks, similar to the 
heat exchanger-only layout shown in Fig. 3.

The AHE-DCWHR system can be controlled using a relatively simple 
strategy. 

• The load-side flow rate of the heat pump—connected to the return 
line of the space heating network (Fig. 4)—can be set to its minimum 
allowable value to avoid overheating.

• Valve TV4 remains fully open to allow the full DC waste heat flow 
through the source side of WHR_HX. Valve TV3 is modulated to 
regulate the return water flow from the ventilation heating network 
through the heat pump. When the ventilation heating demand ex
ceeds 25 kW, the control aims to fully recover the available DC waste 
heat. When the demand is below 25 kW, the control maintains the 
warmed return temperature at TV3Mixing (Fig. 4) as close as 
possible to the supply temperature setpoint and terminates once 
either the waste heat is fully recovered or the setpoint is reached.

3. Case study

The building’s space and ventilation heating networks, along with 
the self-contained liquid-cooled rack used in the case study, are 
described in Sections 2.1.1 and 2.1.2, including key input data and the 
fundamental modelling equation (Eq. (1)). The heat exchanger-only and 
AHE-DCWHR systems are detailed in Sections 2.2 and 2.3, respectively, 
in relation to the building heating networks and the liquid-cooled rack. 
Control strategies and relevant modelling equations for the heat 
exchanger-only and AHE-DCWHR systems (Eqs. (2)–(6)) are also pro
vided in Section 2.2.1.

In the case study, the baseline scenario consists of the building’s 
space and ventilation heating networks operating without DC waste heat 
recovery. The performance of the heat exchanger-only and AHE- 
DCWHR systems is then evaluated during the winter months (January, 
February, March, November, and December), focusing on their effec
tiveness in reducing DH demands and associated CO2 emissions relative 
to the baseline.

All modelling and simulations are conducted using TRNSYS 18 in the 
case study, a widely used transient system simulation tool for renewable 
energy and building performance analysis, including DC waste heat 
recovery [3], with a time step of 1 h.

To facilitate the following discussion, the TRNSYS components used 
in the study are summarized in Table 2.

3.1. Modeling of the building’s space and ventilation heating networks, 
and the self-contained liquid-cooled rack

Hourly measurements of mass flow rates, supply and return tem
peratures, and heating demands for the building’s space and ventilation 
heating networks were collected during the winter period (November 1, 
2023–March 31, 2024). These data were stored in a file and used to 
model the heating networks in TRNSYS using two Type 9 compo
nents—VentilationHeatingNetwork and SpaceHeatingNetwork—which 
read the input data directly (see Fig. 1).

The cooling system of the self-contained liquid-cooled rack, 
including waste heat characteristics, was modeled based on the model in 
Ref. [3]. The system includes the following TRNSYS components: Dry
Cooler (Type 511), CirculationPumpRejection and CirculationPumpServer 
(Type 114), CDU_HX (Type 91), and LiquidCooledRack (Type 682), 
representing the dry cooler, primary and secondary circulation pumps, 

Table 2 
Important TRNSYS components used in the study.

Type of 
component

Function

Equation It can handle expressions outside the standard components, 
define constants, and evaluate conditions [32].

Type 9 It can read data from a text-based file [32].
Type 22 It is an iterative feedback controller, utilizing the secant method 

to model a real feedback controller (e.g., PID) that calculates the 
control signal, minimizing tracking error [32].

Type 91 It models a sensible fluid-to-fluid heat exchanger with constant 
effectiveness using Eq. (2) [32].

Type 114 It models a fixed-speed pump designed to deliver a constant fluid 
outlet mass flow rate [32].

Type 511 It models a dry cooler as a single-pass, crossflow heat exchanger 
[33].

Type 647 It models a diverting valve that distributes an incoming liquid 
mass flow into multiple outlet flows based on specified fractions 
[34].

Type 649 It models a mixing valve that merges up to 100 separate liquid 
streams into one unified outlet mass flow [34].

Type 682 It applies a user-defined load to a flow stream and determines the 
resulting outlet fluid temperature based on Eq. (1) [35].

Type 927 It models a single-stage water-to-water heat pump using user- 
provided data files that contain catalogue information on 
capacity and power consumption as functions of entering load 
and source temperatures [33].
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CDU heat exchanger, and the server rack, respectively. Outdoor tem
peratures for the DryCooler (Type 511) are provided by the Finland
Weather component (Type 9), which reads a weather data file.

These components form the foundation of the TRNSYS models for 
both the heat exchanger-only and AHE-DCWHR systems.

3.2. Modeling of the heat exchanger and AHE-DCWHR systems

Since the space and ventilation heating networks are modeled using 
measured data and the DC waste heat supply is assumed constant, the 
modelling of both the heat exchanger-only and AHE-DCWHR systems is 
straightforward. The focus is on determining the amount of DC waste 
heat recovered by heat exchanger WHR_HX (q̇waste), governed by Eq. (2). 
WHR_HX is modeled using the Type 91 component in TRNSYS. The 
following two subsections describe TRNSYS modelling in each system.

3.2.1. TRNSYS model for the heat exchanger-only system
Fig. 6 shows the TRNSYS model for the heat exchanger-only system 

which is largely on the TRNSYS model in Ref. [3].
The detailed operation procedures, key settings, and equations are 

presented in Section 2.2.1. This section provides a brief overview of the 
TRNSYS model. 

• TV3Diverting, TV4Diverting, TV5Diverting, and TV6Diverting (Type 
647): Model the diverting valves TV3, TV4, TV5, and TV6, respec
tively, as shown in Fig. 3.

• TV3Mixing, TV3TV5Mixing, TV4Mixing, and TV5Mixing (Type 649): 
Simulate the mixing of flow rates and temperatures at the corre
sponding mixing points indicated in Fig. 3.

• SettingCtrl (Equation) and WasteHeatController (Type 22): 
o SettingCtrl computes flow ratios between the space and ventilation 

heating networks using Eq. (3), based on input data from Ven
tilationHeatingNetwork and SpaceHeatingNetwork, and applies them 
to TV3Diverting and TV5Diverting.

o WasteHeatController regulates DC waste heat flow to WHR_HX by 
controlling TV4Diverting, by monitoring the mixed return water 
temperature from TV3Mixing (i.e., the warmed return temperature 
of the ventilation heating network).

o When ventilation heating demand is ≥ 25 kW, SettingCtrl overrides 
WasteHeatController and sets TV4Diverting to full DC waste heat 
flow. Otherwise, it passes the controller’s signal through.

3.2.2. TRNSYS model for the AHE-DCWHR system
In the AHE-DCWHR system, a heat pump’s mass flow rate should 

ideally match the range of the secondary side of the ventilation heating 
network to operate efficiently across its full capacity. As the maximum 
return water temperature of the ventilation heating network is 33 ◦C, a 
water-to-water heat pump with a higher maximum source inlet tem
perature than 33 ◦C is preferable. Since the heat pump in the system does 
not directly use waste heat as its source, estimating its heat absorption 

capacity requires AHE-DCWHR simulations. Based on these factors, we 
select a heat pump model with the following key specifications [36]. 

• Flow rates range from 0.19 L/s to 0.57 L/s for both source and load 
sides.

• The allowed source inlet temperature ranges from − 1 ◦C to 43 ◦C, 
and the load inlet temperature ranges from 16 ◦C to 49 ◦C.

• The heating capacity is 6.6 kW when the source and load inlet 
temperatures are 0 ◦C and 40 ◦C, respectively, with both source and 
load flow rates at 0.57 L/s.

• The maximum outlet load temperature is 58 ◦C.

Based on these specifications, the load flow rate is set to a constant 
0.19 L/s for the heat pump, while the source flow rate varies between 
0.28 L/s and the minimum of either the current flow rate of the venti
lation heating network or 0.57 L/s. The HeatPump component (Type 
927) is used to model the heat pump using catalog data from the 
manufacturer [36]. TRNSYS employs an empirical equation-fit mod
el—rather than a thermodynamic model—which uses catalog data 
(typically performance at different entering/leaving water temperatures 
and flow rates) to fit two non-dimensional polynomial equations for 
heating capacity and power input. This equation-fit approach is 
commonly used in EnergyPlus [37] and TRNSYS Type 927 [33]. The 
TRNSYS model for the system is shown in Fig. 7.

Since the heat pump’s load-side flow rate is fixed, valve TV5 and 
mixing point TV5Mixing (see Fig. 4) are not included in the case study 
model. Components TV3Diverting, TV3Mixing, TV4Diverting, and 
TV4Mixing are modeled identically to those used in the heat exchanger- 
only system (see Fig. 6 and Section 3.2.1).

The TRNSYS implementation of the AHE-DCWHR system in the case 
study differs from the control strategy discussed in Section 2.3.3., as 
TRNSYS lacks a controller component capable of managing multiple 
setpoints. Therefore, the TRNSYS modelling of the AHE-DCWHR system 
follows a two-stage approach: building heating demand reallocation and 
DC waste heat recovery. 

• Heating demand reallocation: The VHReturnWaterController (Type 
22) controls TV3Diverting to regulate the return water flow from the 
ventilation heating network to the HeatPump, maintaining its source 
outlet temperature as close as possible to 22 ◦C—identified as the 
maximum allowable WHR_HX load inlet temperature for full DC 
waste heat recovery (based on Eq. (2)). The HXContrlSet (Equation) 
sets the minimum and maximum control signals (i.e., allowable heat 
pump source flow rates) based on the current mass flow rate from 
VentilationHeatingNetwork. It also checks for overheating in the space 
heating network by comparing the heat delivered to load by the 
HeatPump with the space heating demand from SpaceHeatingNetwork. 
o If no overheating occurs, the HeatPump source flow rate and outlet 

temperature are passed to WHR_HX to simulate active operation.
o If overheating is detected, HXContrlSet passes the flow rate (1080 

kg/h) and the current return temperature of 

Fig. 6. TRNSYS model for the heat exchanger-only system. Fig. 7. TRNSYS model for the proposed AHE-DCWHR system in the case study.
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VentilationHeatingNetwork to WHR_HX, simulating heat pump 
shutdown.

• DC Waste Heat Recovery: The WasteHeatController (Type 22) reg
ulates TV4Diverting to adjust DC waste heat flow to WHR_HX, 
ensuring that the warmed return water temperature of the ventila
tion heating network (i.e., the outlet temperature of TV3Mixing) 
closely matches the current supply temperature setpoint of 
VentilationHeatingNetwork.

It is important to note that the above paragraph describes TRNSYS 
implementation algorithms for the AHE-DCWHR system rather than 
real-world control strategies (see Section 2.3.3. for practical operations 
of the AHE-DCWHR system).

3.3. Life cycle cost for the heat exchanger-only and AHE-DCWHR 
systems

The life cycle cost (LCC) approach evaluates the overall expenses 
involved in operating a project throughout its duration. A common 
method within LCC for assessing the profitability of different alterna
tives is the net present value (NPV), which computes the present value of 
future cash flows. The NPV is calculated as follows [38]: 

NPV = − C0 +
∑N

n=1

Cn

(1 + r)n (7) 

where C0 denotes the initial capital cost in euros (€), Cn stands for the 
annual cash flow in euros (€), N indicates the total number of years, and r 
signifies the discount rate. The annual cash flow Cn is calculated as [3]: 

Cn =CDH
n − Cmaintainance

n − Celectricity
n (8) 

where CDH
n represents the DH cost savings for both space and ventilation 

heating networks by utilizing DC waste heat, Celectricity
n is the electricity 

cost for operating the heat pump in the AHE-DCWHR system, and 
Cmaintainance

n is the maintenance cost associated with both CDH
n and 

Celectricity
n . All costs, CDH

n , Cmaintainance
n and Celectricity

n are adjusted for inflation 
to reflect the true value of the initial expenses.

3.3.1. Investment, installation and maintenance costs
Figs. 3 and 4 highlight the required components for the heat 

exchanger-only and AHE-DCWHR systems. The heat pump used in the 
AHE-DCWHR system has dimensions of 64.8 cm (depth) × 66.8 cm 
(height) × 45.7 cm (width) [36] and is installed on the first floor in the 
building’s DH substation.

The estimated length of additional heat distribution piping for the 
AHE-DCWHR system is approximately 60 m. Installation costs are 
assumed to be 35 % of the total investment, covering delivery, setup, 
automation, and commissioning. Cost estimates for investment, instal
lation, and maintenance are primarily based on values reported in 
Ref. [3] (see Table 2 in Ref. [3]) for the heat exchanger-only system. 
Table 3 summarizes the investment cost breakdown for both systems, 
with price data sourced from internet resources and company consul
tations, reflecting above-average market prices.

The annual maintenance cost is assumed to be 2 % of the total in
vestment [3]. Table 4 outlines the key inputs used in the NPV analysis.

DH energy savings and heat pump electricity consumption during the 
five winter months are assumed to represent consistent annual savings 
and costs over a 25-year period for both systems. Although heating 
demands in buildings may decrease by 5–10 % over 25 years [42], it is 
conservatively assumed that annual heating demands will not drop 
below that observed during the five winter months, accounting for po
tential climate change effects.

As the WSTAR DC, housing heat exchanger WHR_HX in both systems, 
is located adjacent to the DH substation, it is assumed that the existing 
water pumps are sufficient to support circulation, eliminating the need 

for additional pumps. This assumption also simplifies the modelling 
process.

3.3.2. CO2 emission reductions over 25 years for the heat exchanger-only 
and AHE-DCWHR systems

The annual reduction in CO2 emissions (ECO2,red, kgCO2) is calculated 
as follows: 

ECO2,red = εDHQDH,sv − εelectricityQHP (9) 

where εDH is the emission factor for DH (kgCO2/MWh), εelectricity is the 
emission factor for electricity (kgCO2/MWh), QDH,sv denotes the saved 
DH energy (MWh) and QHP indicates the electricity consumption for the 
heat pump (MWh). The Finnish Ministry of the Environment has pub
lished emission factors for future years to evaluate the life cycle CO2 
emissions [43]. Fig. 8 shows the CO2 emission factors for electricity and 
DH over the 25-year period considered. Eqs. (7)–(9) are implemented in 

Table 3 
Investment and installation costs of the heat exchanger-only and AHE-DCWHR 
systems.

Component Unit 
cost

Quantity (heat 
exchanger-only)

Quantity (AHE- 
DCWHR)

Heating pipes € 70.4/ 
m

60 60

Plate heat exchanger € 850 1 1
Actuated three-way valve € 600 4 3
Siemens PLC (Programmable 

logic controller)
€ 350 1 1

Waterproof DS18B20 digital 
temperature sensor

€ 10 2 4

Wiring and connectors € 40 2 4
Heat pump € 4150 

[39]
0 1

Flow sensor € 300 4 3
Two-way valve € 300 0 2
Total investment (€) ​ 9124 13074
Installation cost (35 % 

investment, €)
​ 3193.4 4575.9

Capital cost (€) ​ 12317.4 17649.9

Table 4 
Input parameters for NPV calculations.

Cost factor Value

Number of years 25 [40]
Discount rate 7 % [40]
Inflation rate 2 % [3]
Electricity price for the first year € 121/MWh [41]
Electricity inflation rate 2 % [3]
District heating price for the first year € 105/MWh [41]
District heating inflation rate 3 % [3]

Fig. 8. CO2 emission factors (kgCO2/MWh) [43].
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Excel.

4. Results and discussion

Section 4.1 presents the DC waste heat recovery performance of the 
AHE-DCWHR system, comparing it with state-of-the-art heat exchanger- 
only system. Section 4.2 presents the LCC and CO2 emission reduction 
results, along with a discussion of the AHE-DCWHR system, including its 
comparison with conventional heat pump system and assessment of its 
applicability.

4.1. Data centre waste heat recovery performance comparison

This section highlights the superior performance of the proposed 
AHE-DCWHR system by comparing its DC waste heat recovery with 
state-of-the-art heat exchanger-only system. Although these systems also 
save electricity by lowering dry cooler cooling loads, these savings are 
minimal compared to the DH savings from DC waste heat recovery, 
particularly in winter.

Fig. 9 compares the waste heat recovered by the AHE-DCWHR sys
tem to that of the heat exchanger-only system. Fig. 10 highlights the 
heating demands for the space and ventilation heating networks, along 
with the DH energy savings achieved by both systems. Fig. 11 shows the 
comparison of the recovered waste heat by the AHE-DCWHR system 
against the heating demands for both the space and ventilation heating 
networks.

First, several assumptions and verifications were made to facilitate 
discussion and validation of the simulation results. 

• DC waste heat load through the heat exchanger (WHR_HX): During 
the simulation period (01.11.2023–31.03.2024), the combined space 
and ventilation heating demand generally exceeded 25 kW. There
fore, a full-load condition (1200 kg/h; see Figs. 3 and 4) was assumed 
for the waste heat on the source side of WHR_HX. Simulation results 
support this assumption for both systems.

• Return water temperature at the load side of WHR_HX: In the AHE- 
DCWHR system, this temperature originates from the ventilation 
heating network. In the heat exchanger-only system, it represents the 
mixed return flow from the space and ventilation heating networks. 
Since the ventilation heating demand (typically >25 kW) dominates 
the total return flow, the resulting temperature is close to that of the 
ventilation heating network. Thus, the return water temperature 
entering the load side of WHR_HX was assumed to be the return 
water temperature of the ventilation heating network for both 
systems.

• Temperature difference across WHR_HX: The term HX temperature 
difference refers to the difference between the source and load inlet 

temperatures throughout the rest of Section 4. Based on the above 
assumptions, it is calculated as the difference between the DC waste 
heat temperature (52 ◦C) and the ventilation return water tempera
ture. According to Eq. (2), the recovered DC waste heat (kW) is 
directly proportional to this difference, and full waste heat recovery 
requires an HX temperature difference of 30 ◦C.

• Average recovered waste heat: The average recovered waste heat 
(kW) is defined as the arithmetic mean of hourly recovered DC waste 
heat over the simulation period. The total recovered waste heat 
(MWh) equals this average multiplied by the total number of simu
lation hours. DH savings equal the total recovered waste heat in the 
heat exchanger-only system, and the sum of this value and the heat 
pump’s total electricity consumption (MWh) in the AHE-DCWHR 
system. The indicator of average recovered waste heat is essential 
for validating and interpreting the simulation results.

Therefore, to interpret and validate the TRNSYS simulation results, 
Eq. (2) can be simplified using as: 

q̇waste,avg =25 ×

(
52 − Trtn,avg

)

30
(10) 

where q̇waste,avg is average recovered waste heat (kW) during simulation 
period (01.11.2023–31.03.2024), 25 kW is the full DC waste heat, 52 ◦C 
is the waste heat temperature, Trtn,avg is the arithmetic mean of hourly Fig. 9. Comparison of recovered waste heat between the AHE-DCWHR system 

and the heat exchanger-only system.

Fig. 10. Total heating demand of space and ventilation heating networks and 
saved DH energy by the AHE-DCWHR system and the heat exchanger- 
only system.

Fig. 11. Recovered waste heat by the AHE-DCWHR system against the heating 
demands for space and ventilation heating networks from 14:00, February 24, 
2024 to 8:00, February 25, 2024.

T. Lu et al.                                                                                                                                                                                                                                       Energy 341 (2025) 139324 

12 



return water temperature of the ventilation heating network during the 
simulation period (oC) and 30 ◦C is the required HX temperature dif
ference for full recovery.

In the heat exchanger–only system (Fig. 3), the average return 
temperature of the ventilation network (27 ◦C, measured from 
November 01, 2023 to March 31, 2024) is substituted into Eq. (10), 
giving q̇waste,avg = 25 × (52-27)/30 = 20.83 kW, which closely matches 
the TRNSYS simulation result of 20.6 kW, confirming the validity of the 
simulation.

In the AHE-DCWHR system (Figs. 4 and 5), Trtn,avg denotes the 
reduced return water temperature from the ventilation heating network, 
cooled by the heat pump. It was expected to be around 22 ◦C to achieve 
an HX temperature difference of approximately 30 ◦C, enabling nearly 
complete waste heat recovery. The TRNSYS simulation results show that 
Trtn,avg ≈ 22.14 ◦C, confirming that the AHE-DCWHR system effectively 
maintains the HX temperature difference required for full waste heat 
recovery, thereby validating the model. The simulated COP ranges from 
4.2 to 5.47, with an average of 4.75—consistent with the manufacturer’s 
catalog data [36], confirming that the TRNSYS model aligns with the 
specified performance.

Substituting the reduced return water temperature (22.14 ◦C) into 
Eq. (10) yields q̇waste,avg = 25 × (52-22.14)/30 = 24.9 kW, which closely 
matches the TRNSYS simulation result of 24.6 kW, further validating the 
simulation accuracy.

Based on the above validated simulation results, we provide a sum
mary analysis to demonstrate the innovative features of the proposed 
AHE-DCWHR system compared with the state-of-the-art heat exchan
ger–only system. 

• Heat exchanger–only system (see Figs. 3 and 5): This passive 
system relies solely on the HX temperature difference. However, the 
return water temperature (averaging 27 ◦C) is insufficient to provide 
the ~30 ◦C HX temperature difference required for complete DC 
waste heat recovery (see Eq. (10)). As a result, only 82.4 % of the 
waste heat (20.6 kW out of 25 kW) was recovered, corresponding to 
75.1 MWh of DH savings from November 1, 2023 to March 31, 2024 
(see Fig. 10).

• AHE-DCWHR system (see Figs. 4 and 5): Before the return water of 
the ventilation heating network enters the load side of the heat 
exchanger, the heat pump consumes total 7.5 MWh of electricity 
from November 1, 2023 to March 31, 2024 to transfer 28 MWh of 
thermal energy from the ventilation network’s return water to that of 
the space heating network through the heating demand reallocation 
concept. This reallocation yields three major benefits: 
o Increased temperature difference: On the source side of the heat 

pump, the ventilation heating network’s return water temperature 
decreases from 27 ◦C to 22.14 ◦C on average. This reduction in
creases the HX temperature difference from 25 ◦C to 29.86 ◦C 
(=52–22.14 ◦C), enabling nearly complete DC waste heat recovery 
(98.4 % or 24.6 kW), which is 16 % higher than that of the heat 
exchanger-only system (98.4 % vs. 82.4 %, 24.6 vs. 20.6 kW).

o Energy reuse: On the load side of the heat pump, the extracted 28 
MWh of thermal energy, together with the 7.5 MWh of electrical 
input, is reused to raise the space heating network’s return water 
temperature from 33.5 ◦C to 36.3 ◦C on average. This energy reuse 
is the key innovation of this study. Without it, if the 28 MWh of 
recovered heat and 7.5 MWh of electricity were discarded, the DH 
savings of the AHE-DCWHR system would decrease from 97.4 
MWh to 61.9 MWh (=97.4–28 – 7.5 MWh)-lower than the heat 
exchanger-only system (61.9 MWh vs. 75.1 MWh; see Fig. 10). 
This innovation enables the AHE-DCWHR system to achieve 
greater DH savings (97.4 MWh vs. 75.1 MWh; see Fig. 10).

o Smaller heat pump requirement: Since the heat exchanger alone 
recovers 82.4 % of the waste heat (20.6 kW), the heat pump only 
needs to raise the HX temperature difference by about 5 ◦C (from 

25 ◦C to ~30 ◦C) to recover the remaining 4.4 kW (=25–20.6 kW) 
and achieve full recovery. This can be accomplished with a 
compact 6.6 kW-capacity heat pump (see Section 3.2.2), signifi
cantly reducing equipment size and cost.

Overall, the AHE-DCWHR system consumes only 7.5 MWh of elec
tricity to operate the heat pump (average COP = 4.75), enabling the heat 
exchanger to recover nearly 90 MWh of DC waste heat from November 
1, 2023 to March 31, 2024 (=97.4–7.5 MWh; Fig. 10). This results in 
22.3 MWh greater DH savings compared with the heat exchanger-only 
system (97.4 vs. 75.1 MWh). Economically, the AHE-DCWHR system 
remains more cost-effective than the heat exchanger-only system when 
the electricity-to-DH price ratio is below 2.97 (=22.3/7.5). In Finland, 
this ratio has typically remained below 1.5 and has never exceeded 2 
between 2010 and 2023, confirming the superior cost-effectiveness of 
the proposed AHE-DCWHR system.

Another advantage of the AHE-DCWHR system is its ability to 
distribute recovered waste heat between the space and ventilation 
heating networks without flow mixing (Fig. 4), simplifying system 
operation. As shown in Fig. 11, from 14:00 on February 24, 2024 to 
08:00 on February 25, 2024, the utilized waste heat remains nearly 
constant at around 25 kW (indicating full recovery), even though the 
ventilation heating demand is below 25 kW. This demonstrates that the 
system can supply waste heat to both networks through heating demand 
reallocation, with the heat pump transferring the excess heat to the 
space heating network. This reallocation also prevents return water 
mixing between the two networks—a limitation of the heat exchan
ger–only system (Fig. 3). Similar behavior is observed at other times, 
further highlighting the benefit of heating demand reallocation. Over 
the full simulation period (01.11.2023–31.03.2024), both heating net
works utilized the recovered waste heat for approximately 26 % of the 
time in the AHE-DCWHR system.

Moreover, since the emission factor for electricity is lower than for 
DH (Fig. 8), the AHE-DCWHR system reduces CO2 emissions for the 
space and ventilation heating networks by much greater than 44.2 % 
during the winter season (November 1, 2023, to March 31, 2024) ((97.4- 
7.5)/203.5, Fig. 10). In comparison, the heat exchanger-only system 
reduces CO2 emissions by 36.9 % (75.1/203.5, Fig. 10).

4.2. Life cycle cost (LCC), CO2 emission reductions and practical 
considerations of the AHE-DCWHR system

Comparisons between the AHE-DCWHR and heat exchanger-only 
systems are shown in Figs. 12 and 13 for LCC and CO2 emission re
ductions, respectively.

The AHE-DCWHR system has a payback time of near two years, 
making it a profitable investment with a short payback period. Over 25 

Fig. 12. NPV comparison between the AHE-DCWHR system and the heat 
exchanger-only system.
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years, it is projected to save approximately €123,431 heating costs 
(€106,501 for the heat exchanger-only system) and reduce CO2 emis
sions by 167,087 kg (134,711 kg for the heat exchanger-only system). 
Additionally, after five years, the AHE-DCWHR system saves more 
heating costs than the heat exchanger-only system (see Fig. 12).

This study focuses on comparing the heat exchanger-only system and 
the AHE-DCWHR system, as the conventional heat pump system clearly 
entails higher investment, maintenance, and operating costs. According 
to the manufacturer’s catalog [36], achieving full waste heat recovery in 
a conventional heat pump system requires selecting a model with 
approximately double the heating capacity of that used in the 
AHE-DCWHR system. Specifically, when the source and load inlet 
temperatures are 0 ◦C and 40 ◦C, respectively, the heating capacity of 
the suitable heat pump model is 13.3 kW, compared to 6.6 kW in the 
AHE-DCWHR system. In typical configurations, a liquid-to-liquid heat 
exchanger is installed between the heat pump’s source side and the 
CDU’s primary side to maintain inlet temperatures within the operating 
range [30] and enable full recovery of DC waste heat. Additionally, a 
circulation water pump is required between the heat exchanger’s load 
side and the heat pump’s source side. Consequently, compared with the 
AHE-DCWHR setup (Fig. 4), a conventional heat pump system demands 
both a larger-capacity heat pump (13.3 kW vs. 6.6 kW) and an additional 
circulation pump, resulting in substantially higher capital cost. Based on 
return water conditions from the space and ventilation heating networks 
during the simulation period (01.11.2023–31.03.2024), the average 
COP of the selected heat pump ranges between 6 and 8 [36]. As dis
cussed earlier, the AHE-DCWHR system achieves near-complete waste 
heat recovery—24.6 kW on average over the same period. To recover an 
equivalent amount of heat, the conventional heat pump system would at 
least consume approximately 3.5 kW of electricity (=24.6/(8− 1)), 
compared to 2.05 kW for the AHE-DCWHR system. Overall, the 
AHE-DCWHR system clearly outperforms the conventional heat pump 
system in terms of investment, maintenance, operational costs, and 
electricity consumption.

In this case study, the average heat transfer during the winter period 
(November 1, 2023–March 31, 2024) was 7.67 kW for the AHE-DCWHR 
system. This led to a reduction in the return water temperature of up to 
10 ◦C in the ventilation heating network. According to Finnish regula
tions on DH substations [8], the maximum return temperature on the 
secondary side should remain below 30 ◦C for new buildings and 40 ◦C 
for older buildings, with some flexibility in very old buildings. The space 
and ventilation heating networks in this study represent typical condi
tions found in post-2000 buildings, where a reduction of up to 10 ◦C is 
sufficient to enable near-complete recovery of DC waste heat in venti
lation heating systems, due to their higher heating demands and lower 
return water temperatures.

Increasing the heat transfer area of the heat exchanger in a heat 

exchanger-only system (see Fig. 3) to improve its effectiveness may 
recover more DC waste heat, but this does not guarantee full recovery of 
DC waste heat. According to Eq. (2), even if εwaste is increased to 1 (which 
is not achievable in practice) for the case study, the temperature dif
ference (Twaste − Trtn) must exceed 21.25 ◦C (=25 kW/(1 × 3.53 kJ/ 
kg/oC × (1200/3600) kg/s, where 1200 kg/h is full load of waste heat) 
to recover the full 25 kW of waste heat. This means Trtn must be below 
30.75 ◦C (52 ◦C − 21.25 ◦C). Even in modern buildings, such as the 
present case study, return water temperatures can exceed 30.75 ◦C (see 
Fig. 1), and in older buildings, they are typically much higher. For 
example, consider an older building where the ventilation heating 
network has an average return water temperature of 35 ◦C (quite com
mon in old buildings) and where the ventilation heating demand ex
ceeds 25 kW during the three coldest months (January, February, and 
December). If the same 52 ◦C DC waste heat was used for this older 
building, a single heat exchanger (i.e., a heat exchanger–only system) 
could at most recover 19.98 kW (=1 × 3.53 × (1200/3600) × (52 − 35), 
where εwaste = 1) on average, corresponding to only 79.92 % of the total 
25 kW waste heat. Therefore, to achieve full recovery, the temperature 
difference (Twaste − Trtn) must be increased to 21.27 ◦C, corresponding to 
an average 4.27 ◦C reduction in return water temperature (from 35 ◦C to 
30.73 ◦C), which is comparable to the case study presented in Section 
4.1 (approximately 5 ◦C reduction).

Thus, the AHE-DCWHR system is designed to complement an exist
ing heat exchanger-only setup, providing full DC waste heat recovery in 
a cost-effective manner. However, if a conventional heat exchanger-only 
system already achieves near-complete recovery for a given building, an 
AHE-DCWHR system is unnecessary. It should be noted that the AHE- 
DCWHR system still benefits from a higher heat exchanger effective
ness, as a larger εwaste reduces the required temperature difference and 
thus the electricity demand of the heat pump. For older buildings with 
higher return water temperatures, combining a larger heat exchanger 
with a small heat pump is an effective strategy for achieving full DC 
waste heat recovery.

As shown in Fig. 11, the AHE-DCWHR system can recover DC waste 
heat for both space and ventilation heating networks simultaneously. 
However, it is primarily designed for small distributed/edge DCs, where 
waste heat can be fully utilized by a single heating network during cold 
winter conditions, and shared between both networks as outdoor tem
peratures rise.

The practical design of the AHE-DCWHR system in this case study 
(Fig. 4) includes an option to disable the heat pump when the space 
heating demand is very low. In such instances, DC waste heat is directed 
solely to the ventilation heating network by opening valve FV1 and 
closing FV2. This simplification is justified, as the heat pump is inactive 
for only 1 % of the winter period (November 1, 2023–March 31, 2024), 
during which the ventilation heating demand is significantly higher than 
that of the space heating network. In practice, the system can be 
configured to distribute DC waste heat to both networks when the heat 
pump is off (see Fig. 3). Additionally, during non-heating seasons, the 
system can operate as a pure heat exchanger-only system by switching 
off the heat pump to save electricity consumption.

5. Conclusions and future work

Heat exchanger-only systems have attracted considerable attention 
for recovering waste heat from liquid-cooled DCs due to their low in
vestment, maintenance, and operating costs, as well as their negligible 
electricity consumption. During cold winters, maximizing DC waste heat 
recovery is highly desirable to reduce DH consumption and CO2 emis
sions, particularly for small distributed/edge DCs typically located 
within buildings. However, the main limitation of heat exchanger-only 
systems lies in their passive nature: they rely on a sufficient tempera
ture difference between the source and load inlets to drive heat transfer 
for full DC waste heat recovery, regardless of the heat exchanger’s 
efficiency.

Fig. 13. Life cycle CO2 emission reduction comparison between the AHE- 
DCWHR system and the heat exchanger-only system.
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This paper proposes a novel AHE-DCWHR system that overcomes 
this limitation by integrating a small heat pump with a heat exchanger to 
dynamically increase the temperature difference across the heat 
exchanger, enabling complete DC waste heat recovery. Its performance 
is evaluated through a case study on the WSTAR DC and an onsite 
district-heated building, comparing it with the state-of-the-art heat 
exchanger-only system in terms of DH savings, LCC, and CO2 emission 
reduction. Extensive TRNSYS 18 simulations are conducted, with space 
and ventilation heating networks modeled using measured data. The 
results of this case study are thoroughly presented and discussed in 
Section 4, where the innovative features of the AHE-DCWHR system are 
also demonstrated, leading to the following key conclusions. 

• When reusing DC waste heat to raise the return water temperature of 
a building heating network via a heat exchanger, a natural approach 
is to precool the return water to increase the temperature difference 
between the waste heat and return water. However, precooling re
quires extracting energy from the return water, and managing this 
extracted energy efficiently is crucial to avoid losses. The heating 
demand reallocation concept addresses this challenge by transferring 
heat between the return lines of two heating networks. It precools 
one network’s return water to enhance the temperature difference 
for full waste heat recovery, while reusing the extracted cooling 
energy to heat the other network—thus avoiding energy loss. This 
concept serves as the core principle of the AHE-DCWHR system and 
key innovation in this study.

• Although the inclusion of a heat pump was initially expected to 
lengthen the payback period of the AHE-DCWHR system, simulation 
results indicate a payback time of about two years, and after five 
years the system becomes more profitable than the heat exchanger- 
only system. As discussed in Section 4.1, modern heat exchangers 
already recover a substantial portion of high-grade liquid DC waste 
heat; assisting them with a small heat pump to recover remaining 
waste heat, as in the AHE-DCWHR system, requires minimal addi
tional electricity. Consequently, the performance of the AHE- 
DCWHR system also depends on the efficiency of the heat exchanger.

• The AHE-DCWHR system is particularly suited for small distributed/ 
edge DCs, where the available waste heat can be fully utilized by 
building heating networks for most of the time, as demonstrated in 
this study. Conversely, if a DC consistently generates more waste 
heat than the building’s heating demand, a heat exchanger-only 
system may be a more economical solution, since full waste heat 
recovery is unnecessary.

The main limitation of the AHE-DCWHR system is that the heating 
demand reallocation concept requires two heating networks, which 
most residential buildings lack. Therefore, the AHE-DCWHR system is 
best suited for commercial buildings and is most effective for distrib
uted/edge data centres located within buildings.

Alternative configurations, such as placing a heat pump downstream 
of a heat exchanger to recover the remaining DC waste heat, may 
potentially achieve similar performance to the AHE-DCWHR system. 
However, such setups typically involve more complex and costly piping, 
as both the heat pump and heat exchanger may need to interface with 
both the space and ventilation heating networks. Nevertheless, future 
research comparing this configuration with the AHE-DCWHR system 
would be valuable.
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