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Graphical abstract 

Abstract 

The city of Espoo, Finland is planning to develop Kera as a green suburb with high level of 
energy efficiency and low CO2 emissions, using a high share of renewable energy and recycled 
or reused energy. For reaching this target, in this study, renewable energy resources such as 
solar, wind and waste heat are investigated for the study region. Two different technologies 
comprising heat pump (HP) and heat-only boiler (HOB) are investigated to retrieve waste heat 
from a data centre and LuxTurrim5G smart poles to use in a low-temperature district heating 
network. We investigate various scenarios to supply the required energy for the HP (which 
receives electricity from the electricity market, photovoltaic (PV) system, wind turbine (WT) 
and hybrid PV/WT; 4 scenarios) and HOB (which works with electricity, forest fuel wood, 
biogas, ammonia, wood pellets and industry wood residue; 6 scenarios). We found that the heat 
pump scenario is an efficient and cost-effective way to retrieve waste heat from the data centre 
and 5G smart poles with an LCOE of 3.192 ¢/kWh if electricity is produced by the PV system, 
and 3.516 ¢/kWh when the heat pump receives its electricity only from the electricity market.  

Keywords: Low temperature district heating network; Waste heat recovery; Ejector expansion 
heat pump; Renewable energy  

                                                           
1 Corresponding author: ali.khosravi@aalto.fi 
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1 Introduction 

Finland has set a very ambitious climate target of carbon neutrality by the year 2035 [1]–[3]. The electricity 

system is already based to low carbon technologies (average CO2 emission factor 88 gCO2/kWh in 2019), but in 

district heating (DH), 47% of the energy originates from fossil fuels and peat [4], [5]. The City of Espoo is 

planning to develop the Kera region into a sustainable city centre by employing the newest smart ideas in 

construction and energy use. The development of the area will be focused on sustainable development and 

digitalisation. Undoubtedly, to have a better structure of data capacity as well as business opportunities for 

companies in smart cities, we need a new generation of digital service infrastructure. LuxTurrim5G is a Nokia 

Bell Labs-driven ecosystem project that concentrates on developing a fast 5G network by means of smart poles 

[6], [7]. For 5G smart poles, one problem is the generated heat by the electronic devices, which decreases the 

data transfer capacity and efficiency of the system. In order to tackle this challenge, we develop a method to 

harvest energy from 5G smart poles and recover it to use in the low-temperature district heating (LTDH) 

network. Moreover, we want to provide technical characteristics for waste heat recovery, more specifically for 

data centre and 5G smart poles. 

Nomenclature 
A: area (��) �: constant coefficient 
cp: specific thermal capacity (kJ/kg��) ���	�
��
�
��������������
������������������ ���: air-specific heat (kJ/kg K) ��	���������������
�������� �������������!��� ��": vapour-specific heat (kJ/kg K) Subscripts/superscripts 
Ej: energy generation in year j (j=1, …, 25) AR: area ratio 
Fj: fuel expenditure in year j  SRS: standard refrigeration system 
GT: incident solar radiation (kWh/m2) COP: coefficient of performance 
h: specific enthalpy (kJ/kg) comp: compressor 
Ij: investment expenditure in year j (€/kW) eje: ejector #$: exergy destruction (kW) eva: evaporator 
Mj: operations and maintenance expenditure EERC: ejector expansion refrigeration cycle �$ : mass flow rate (kg/s) EERS: ejector expansion refrigeration system 
n: system lifetime  ex.v: expansion valve 
p: pressure (kPa) f: working  
P: power (kW) i: inlet %$ : heat transfer rate (kW) is: isentropic process 
r: discount rate mn: motive nozzle 
s: specific entropy (kJ/kgK) ms: mixing suction 
t: time(s) o: outlet 
T: temperature (�) PLR: pressure lift ratio &': surrounding temperature (�) PR: compression ratio 
u: velocity (�� () ) sn: suction nozzle *+: loss coefficient VCC: volumetric cooling capacity ,$ : work rate (kW) w: water 
x: quality PV: photovoltaic -: wind speed (m/s) c: array 
Greek Symbols dest: destruction 
µ: entrainment ratio cond: condenser 
ρ: density (./ �0) ) c.v: control volume 
η: efficiency d: diffuser 1&: temperature difference (�) a: air 1�: pressure drop in suction nozzle (kPa)  

One promising solution for the decarbonisation of a district heating network is the electrification of the network 

[8]. This work is commonly done by heat pumps that work based on compression cycles [9]. There are 

tendencies to mitigate high-grade energy consumption (such as vapour compression cycles) in energy 

applications, and researchers are working to develop innovative alternatives to increase system efficiency [10], 
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[11]. As an example, an ejector expansion heat pump (EEHP) can be considered as an alternative system. The 

current investigation shows that the EEHP is a very interesting alternative to the existing vapour compression 

system to supply hot water for district heating networks. One challenge is moving increasingly towards natural 

working fluids for heat pumps when it is both technologically safe and economically feasible. In general, the 

target is using new low-GWP (global warming potential) substances that bring about minimal environmental 

impact. Many studies have proposed ejectors as expansion devices in refrigeration systems such as refrigerators, 

air conditioning systems and heat pumps [12]–[17]. Aghazadeh Dokandari et al. [18] suggested a novel ejector 

expansion for the CO2/NH3 cascade refrigeration cycle and concluded that this novel design has a higher 

average performance of 5 to 7% than the conventional cycle. Li et al. [19] evaluated ejector refrigeration system 

(ERS) with R1234yf working fluid. The result of the evaporating and condensing temperatures on the COP 

(coefficient of performance) and volumetric cooling capacity (VCC) of the system were appraised by them. It 

was also concluded that the COP and VCC of the ERS are more than the standard refrigeration system. Bilir Sag 

et al. [20] stated that by using ejector expansion in a refrigeration system, the amount of the COP was 7.34-

12.87% higher than that in the standard refrigeration system. Besides, ejector expansion devices have been the 

subject of experiments by many researchers as internal components for refrigeration cycles [21]–[26].   

Here, the notion of waste heat recovery is established to reduce the amount of compression work in heat pumps. 

The fundamental parameter to design a heat pump is heating capacity, which can be alleviated by reducing the 

temperature difference in the heating process. More recent attention has concentrated on the provision of ways 

to retrieve waste heat from data centres (DCs). A district heating network (DHN) is considered a destination for 

this recovered heat. This issue will be more relevant when the target is the LTDH network (the desired hot water 

temperature is between 45 to 75 �) [27]. The benefits of the use of LTDH are clear for both company suppliers 

and customers. Companies take advantage of having less heat loss in the pipeline distribution, and so they can 

use more cost-effective materials (plastic piping instead of metal-based pipes); and the low-temperature demand 

allows the integration of renewable energy systems such as geothermal, solar thermal and photovoltaic, wind 

power and biomass. For customers, the main benefit is the assurance of a heat supply with no necessity to take 

care of the maintenance or the fuel supply or the operation of the systems. Also, the use of networks without 

storage and small volume pipes offers a safe supply of heated water at around 50ºC without having the risk of 

legionella growth. The technical principle of the LTDH network has been discussed by [28]–[30]. Luo et al. [31] 

developed a plan for waste heat recovery from data centres, in which a remarkable improvement in data centre 

energy efficiency along with a decrease in payback time for heat recovery has been presented. Pärssinen et al. 

[32] investigated the waste heat from a data centre for use in DHN. They found that waste heat recovery from 

medium and large data centres provides a positive net present value (NPV) with high probability. Their results 

have shown that small DCs are more reliant on the input agents and may entail alternative customers. Wahlroos 

et al. [33] appraised the future views on waste heat employment in the case of data centre utilisation in Northern 

Europe. In another study, Wahlroos et al. [34] conducted an investigation into the use of data centre waste heat 

in an LTDH network. These studies indicate that waste heat sources and heat pumps are promising partial 

solutions for the decarbonisation challenge of Finnish DH systems.                

In Finland, both wind and biomass are attractive energy sources for producing electricity and heat. In contrast to 

other European countries, subsidies for the use of solar systems have not been implemented. The average daily 

Jo
urn

al 
Pre-

pro
of



4 
 

solar radiation in Finland is nearly 900 kWh/m2, and most of the radiation is found in the southern part of the 

country. In this area, diffuse radiation is greater than direct radiation (diffuse radiation is more effecting) [35]. 

Because of this, in order to supply the electricity demand in the study region, we became curious about 

comparing solar power (photovoltaic (PV) system) with wind power (small-scale wind turbines (WTs)) from 

energy and economic points of view.   

The City of Espoo is developing an emission-free suburb and has been committed to using new materials for 

construction, carbon-free energy and environmental permit application for buildings. The target is to reduce the 

carbon dioxide emissions of energy production and use. To meet this abatement target, all energy resources 

should be taken into account to find the best solution. This paper emphasises the paramount importance of waste 

heat recovery and renewable energy systems to supply the energy demand in the study region. The main 

objectives of this research are as follows:  

1. Propose a concept for technical implementation of an ejector expansion heat pump (EEHP) to 

increase the temperature of the recycled water to the ideal level of the LTDH network. From a 

technical perspective, heat pumps are examined with new refrigerants comprising R133mzz(Z), 

R1233zd(E), R1224yd(Z) and R1234ze(Z). Moreover, this paper highlights the impact of 

optimum values of a pressure drop in the suction nozzle, entrainment ratio, evaporating and 

condensing temperatures for designing an EEHP.  

2. Study four different scenarios related to the benefits of heat pumps in the utilisation of waste heat 

sources. Heat pumps receive their electricity from the electricity market, PV systems, WTs, and 

hybrid PV/WT. We provide a holistic comparison between solar power and wind power to supply 

the electricity demand for the heat pump in the Kera area. This work is done because we believe 

Finland needs many alternatives (except for wind and biomass) to mitigate the country’s reliance 

on fossil fuels.  

3. Carry out a feasibility study on heat recovery from the data centre and 5G smart poles. This is 

also done with a heat-only boiler (HOB) (six scenarios for fuels: electricity from market, biogas, 

ammonia, industry wood residue, forest fuel wood, wood pellet) and the results are compared 

with heat pump scenarios. Additionally, we have a particular interest in better understanding 5G 

smart poles as part of the studied district heating network.   

2 Case Study 

Error! Reference source not found. presents Finnish district heating (a) and electricity (b) networks by energy 

sources. As can be observed, fossil fuels play a pivotal role in supplying the district heating demand in Finland 

(just coal, natural gas and peat account for approximately 50% of the total). Finland is struggling to shift away 

from fossil fuels and find a pathway to replace coal, peat, oil and natural gas with renewable resources.   
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Figure 1 Finnish district heating network (a) and electricity (b) supply networks based on energy source, 2016, 
[36].  

Error! Reference source not found. shows the district heating network in Espoo according to fuel consumption 

(a) and technology supply (b). Espoo’s district heating size is 1381 MW, and 63% of its demand is supplied by 

hard coal, as can be observed in Error! Reference source not found.. Natural gas is in second place, with 30%. 

Finland has recently promulgated its national target of achieving carbon neutrality by 2035. To meet the target, 

in urban development plans, the principles of sustainable development should be traced. Low-temperature 

district heating is one of the new district heating solutions that is used to significantly increase ecological 

sustainability in Espoo. The City has signed an agreement with Fortum Corporation to achieve carbon-neutral 

district heating in its district heating network operations by 2030 [37].        

 
Figure 2 Description of the district heating for Espoo, (a) based on fuel consumption, (b) based on technology 

nominal capacity, 2016, [38].  

As mentioned above, the City of Espoo is planning to construct a green region using sustainable infrastructures. 

The forecasts show that at least 14,000 people and 10,000 jobs will be established in this smart city district. 

Central Kera will expand between the Nokia campus and Kutoja. The target will develop an international 

example of a circular economy. Employing the existing railway traffic and the ongoing development of 5G 

technology could make it possible to apply cutting-edge IoT (Internet of Things) and mobility solutions in the 

construction phase. Considering all energy resources in the study region could assist us to find a cost-effective 

pathway to mitigate carbon emissions. In the current study, the resources of waste energy (from the data centre, 

5G smart poles and the pharmaceutical centre) are brought under consideration and for energy production, a 

comparison between the photovoltaic system and wind turbines is undertaken. Figure 3 shows the mean wind 

speed map (a), and global irradiation and solar electricity potential (b) for Finland [39]. Figure 4 presents the 

profile of ambient temperature for Kera, showing the significant heating need in wintertime. �

a) b) 
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Mean wind speed map a)(m/s) b)

 
Figure 3 Mean wind speed map(a), and global irradiation and solar electricity potential for Finland (b) [39]. 

 
Figure 4 The profile of ambient temperature for Kera area, Espoo, Finland. 

3 Material and methods 
Figure 5 illustrates a graphical abstract of the research objective. The goal is waste heat recovery from data 

centres and 5G smart poles for use in the low-temperature district heating network. Heat pumps and HOBs, in 

the consideration of different energy sources, as presented in Figure 5, are examined for this target.    
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Figure 5 Graphical abstract of the research objective. 

3.1 Technology line and waste heat  
3.1.1 Heat pump system  
Ejector expansion in vapour compression cycles was first proposed by Kornhauser [40]. Here, to retrieve the 

waste heat of the data centre and 5G smart poles, we proposed a heat pump designed with an ejector device as 

an internal component, as shown in Figure 6. The output water of the data centre and 5G smart poles are 

directed into a collector. After that, it goes to a condenser in which its temperature increases to become suitable 

for the LTDH network (here the pressure of the LTDH network is considered as 600 kPa). In the condenser, we 

have a phase change process by which the superheated vapour is converted into the saturated fluid. This process 

releases heat that is absorbed by the water. Another process that is important for the waste heat recovery is at the 

evaporator, where the flow back from the district heating network is cooled down to use in the data centre and 

pharmaceutical centre. The data centre capacity is 1 MW and the mass flow rate of the pharmaceutical centre is 

18 kg/s. The flow back from the low-temperature district heating network is used for cooling the electronic 

devices installed on 5G smart poles. The capacity of each Lux 5G pole is 1 kW and we considered 100 poles for 

this simulation. 
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Figure 6 The proposed system for utilising the waste heat from the data centre, the pharmaceutical centre and 
5G smart poles for the low-temperature district heating network in Finland. 

Thermodynamic model of the heat pump: We used the following assumptions to implement the 

thermodynamic model.  

1) The thermodynamic processes in this simulation are steady state 

2) For all processes, kinetic and potential energy are not taken into account 

3) The refrigeration cycle is implemented without considering chemical reactions 

4) To calculate work and heat, the positive direction is considered inside the system 

5) An insulated piping system without pressure drop is considered for the refrigeration cycle 

6) At the outlet of the evaporator and condenser, the stream is considered to be saturated vapour and 

saturated liquid, respectively [16]  
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For thermodynamic analysis of the cycle, the logarithmic mean temperature difference (LMTD) method is 

assumed for all the heat exchangers. A computer program using Engineering Equation Solver (EES) software is 

implemented. According to the assumptions that were mentioned above, the mass conservation law, with 

corresponding energy and exergy balances (Eqs. (1)- (3)), are considered for finding the mass flow rate, the 

work of the compressor, and the heat transfer rate in the condenser and the evaporator. The mass conservation 

law is: 

2�$
34

52�$
678

 (1) 

energy balance for each control volume is presented by:  

%$ 92�$
34

: 5 ,$ 92�$
678

: (2) 

and exergy balance for each control volume is written using the following equation. 

#$ 5 ;$<=> 52?@ A &'&BC%$B A ,$ DE" 92�$ F A2�$ F
67834B

 
(3) 

Also, energy and exergy analyses of EEHP are given by Eqs. (4)–(43). By applying these assumptions, the 

thermodynamic properties are obtained at the outlet of the condenser (point 3) and evaporator (point 9). A 

mathematical model for EERS is given by Sarkar and Bhattacharyya [41]. In another study, Sarkar [42] outlined 

that to design an ejector, the premise of constant pressure performs better than the constant area. Hence, by 

considering the constant pressure in the outlet of ejector motive nozzle, we have:    

�G 5 �="� A 1� (4) 
:GH3> 5 :I�GH (0J (5) 

K�4 5 :0 A :G:0 A :GH3> 
 

(6) 
LG� 5 MI:0 A :GJ (7) 

NGOGLG 5 @
I@ 9 PJ 

 
(8) 

where P 5 �$ Q �$ 0)  is defined as the entrainment ratio for an ejector compression cycle. Also, the corresponding 
energy equations at the suction nozzle are as follows: 

�R' 5 �G (9) 

:R'H3> 5 :I�R'H (QJ (10) 

K>4 5 :Q A :R':Q A :R'H3> 
 

(11) 
LR'� 5 MI:Q A :R'J (12) 

NR'OR'LR' 5 P
I@ 9 PJ (13) 

and the same is implemented to find the thermodynamic properties in the mixing section, which is point 5 in 
Figure 6. 

�G 5 �S 5 �R' (14) 

LS 5 K�>R �) T @
@ 9 P LG 9

P
@ 9 PLR'U 

 
(15) 

:S 9 LS
�
M 5 @

@ 9 P?:G 9
LG�M C 9

P
@ 9 P ?:R' 9

LR'�M C 
 

(16) 
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(S 5 (I�SH :SJ (17) 

At the diffuser outlet: 

:V 5 :S 9 LS� M)  (18) 
K< 5 W:S A :VH3>X I:S A :VJ)  (19) 
�V 5 �W:VH3>H (SX (20) 

the model should meet the amount of quality in point 6, which is calculated by Eq. (21). In fact, after finding the 
thermodynamic properties at point 6, we compare its quality with Eq. (21).  

YV 5 @ I@ 9 PJ)  (21) 

Saturated vapour at the inlet of the compressor and saturated liquid at the inlet of expansion valve are 

considered for the gas-liquid separator, and the values of enthalpy for points 1 and 7 are obtained by the 

following equations:  

:R 5 :I�R H (Z[L\Z[]^�-Z�_\J (22) :` 5 :I�RH (Z[L\Z[]^�abcLb^J (23) 

at the compressor outlet: 

:�H3> 5 :I��H (RJ (24) 

K3>HD6�� 5 :�H3> A :R:� A :R  
(25) 

Brunin et al. [43] proposed an equation for calculating the compressor isentropic efficiency (for compression 

heat pump) that is given by: �
K3>HD6�� 5 dEefg A dEd@hiE j (26) 

in which, j 5 �D64< �="�)  is the ratio of condensing pressure to evaporating pressure. Here the boundary of 

pressure ratio is 20 (HP: 20 bar abs., LP: 1 bar abs.). It is noteworthy to mention that the operating condition of 

the cycle is important for using the empirical equation given in Ref. [43].    

The work of the compressor is calculated by Eq. (27).  

,$ D6�� 5 �$ 0 k:� A :R@ 9 P l (27) 

The corresponding exergy balances of the compressor is: 

#$D6�� 5 �$ VP 9 @ m&6I(� A (RJn 
(28) 

where &6 is the average ambient temperature for the study region, which is considered to be 5.1 �. At the 
condenser section: 

%$D64< 5 �V$P 9 @ mI:� A :0Jn 
(29) 

#$D64< 5 �V$P 9 @ mI:� A :0J A &6I(� A (0Jn 
(30) 

Ejector: To analyse an ejector compression cycle, the area ratio and the pressure lift ratio are two effective 

parameters, which are calculated by Eqs. (31) and (32), respectively [19]:  
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No 5 NR' 9 NGNG  
(31) 

pqo 5 �=B=�="� 5
�V�Q (32) 

Finally, the exergy distraction for the ejector section is given by Eq. (33). 

#$=B= 5 �$ V&6 k(V A (0 @
P 9 @ A (Q

P
P 9 @l 

(33) 

Expansion valve: 

:` 5 :r (34) 

#$=sE" 5 �$ VPP 9 @&6mI(r A (`Jn 
(35) 

Evaporator: 

%$="� 5 �$ VPP 9 @ I:Q A :rJ 
(36) 

#$="� 5 �$ QWI:r A :QJ A &'I(r A (QJX A �$ tWI:RR A :R�J A &'I(RR A (R�JX (37) 

The COP of the refrigeration cycle is: 

uvpwx 5 c="�,D6�� (38) 

This COP for the heat pump and the whole of the system is defined as:  

uvpyz 5 cD64<,D6�� (39) 

uvp>{> 5 c="� 9 cD64<,D6��  (40) 

Another useful parameter that is employed to investigate the performance of compression cycles is volumetric 

cooling capacity (VCC), as proposed by Yu JL et al. [44]:   

|uu 5 }I:Q A :rJ-R  
(41) 

Finally, ~����� and �~~��� are defined by Eqs. (42) and (43) that are the improvements in COP and VCC 

towards SRS.  

uvp3�� 5 uvp A uvpxwxuvpxwx  

 

(42) 

|uu3�� 5 |uu A |uuxwx|uuxwx  
(43) 

in which ~����� and �~~��� are the ~�� and �~~ of the basic refrigeration system (or standard refrigeration 

system) in the same design condition. 

3.1.1.1 Heat-only boiler 
A heat-only boiler (HOB) is also known as a conventional boiler, which is investigated as a technology to 

retrieve waste heat. The energy produced by HOB is calculated by:  
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%$�63�=� 5 �$ �7=�q�|�7=�K�63�=�  (44) 

3.1.2 Waste heat 
LuxTurrim5G smart poles:  
As mentioned above, the capacity of the 5G smart poles is 100 kW. At point 17, the pressure is the same with 
the LTDH network. Where the heat transfer process and pumping work of the 5G smart poles are calculated 
respectively by Eqs. (45) and (46):   

c$S� 5 �$ S�����I&R` A &RVJ (45) 

,$ ��� 5 �$ S�-S�IpRV A pRSJ (46) 

Data centre:  
In recent years, waste heat recovery from the data centre has been taken into account. The energy analysis of the 

data centre, considering a capacity of 1 MW and a pressure drop of 10%, is:  

c$�� 5 �$ ������I&RG A &R0J (47) 

,$ ��� 5 �$ ��-��IpR0 A pR�J (48) 

The same energy balance can be written for the pharmaceutical centre.  

3.2 Electricity line 
3.2.1 Photovoltaic system 
Equation (49) presents how we can calculate the power production by the photovoltaic system for the ith hour of 

the day [45]: 

p3 5 ND��H3K��K= (49) 

in which ND is the array area, ��H3 is incident solar radiation, and K�� and K= are the maximum power point 

efficiency of the array and the efficiency of any power-conditioning equipment, respectively. Here, K�� is 

calculated by [46]:  

K�� 5 K��H�=� �@ 9 ������H�=� W&� A &�=�X 9
��������H�=�

��
*+ �@ A

K���� �� 
(50) 

the term K�� ��)  is always small compared to unity and therefore can be estimated by K��H�=� without 

achieving significant error. Technical specifications of the photovoltaic panels examined in the research are 

presented in Table 1. 

Table 1 Technical features of the photovoltaic panels used in the current study, [47]. 

Photovoltaic collector 
type  

Nominal 
efficiency 

(%) 

Max power 
(Pmp) 
(Wdc) 

Max 
power 
voltage 
(Vmp) 
(Vdc)  

Max power 
current 

(Imp) (Adc) 

Open 
circuit 
voltage 

(Voc) (Vdc) 

Short 
circuit 
voltage 

(Isc) 
(Adc) 

SunPower SPR-E19-
310-COM 

19.0159 310.149 54.7 5.7 64.4 6.1 

SunPower T5-SPR-
305E 

18.714 305.226 54.7 5.6 64.2 6.0 

Sunperfect Solar 
CRM190S125M-72 

14.84 189.952 37.1 5.1 45.1 5.5 

Phono Solar 
Technology Co.-
Ltd.PS215M-20/U 

13.2256 215.180 29.0 7.4 36.9 7.9 

Motech Industries 
IM72C3-300-wxxyzz 

15.3825 299.959 36.8 8.1 45.0 8.7 
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3.2.2 Wind turbine 
The actual power generated by a wind turbine is determined by considering the efficiency of gearbox  K��=0.95, 

generator �K�4=0.97 and power electronics K�=0.98 [48]. The actual power is: 

p= 5 K���K�4�K��p� (51) 

In which Pm is calculated by: 

p� 5 @
MOu��N-0 

(52) 

4 Economic analysis 
To compare the systems from the economic perspective, the LCOE is used, which is defined based on the 

following equation: 

quv� 5 � #B 9�B 9 �BI@ 9 \JB4B�R
� �BI@ 9 \JB4B�R

 

(53) 

where #B is investment expenditures in year j (including initial price of the components (heat only boiler: 

€750/kW, heat pump: €1000/kW), fuel handling equipment and installation cost (Heat only boiler: €330/kW, 

heat pump: €250/kW), other equipment cost (10% of the initial price), balance of the plant (10% of the initial 

price) and contingencies (10% of the #B)), �B is operations and maintenance expenditures in year j (5% of the #B), 
�B is fuel expenditures in year j, �B is energy generation in year j, \ is discount rate (6.4%) and n is the life of the 

system (25 years). Moreover, the technical and financial parameters that have been used for economic analysis 

of the photovoltaic system and wind turbine are presented in Table 2.�

Table 2 Technical and financial parameters for photovoltaic system and wind turbine [47]. 

Parameter Value Parameter Value 
Photovoltaic system Maximum AC power 100000 Wac 
Degradation rate 0.5%/year Maximum DC power 105670 Wdc 
Module 26680 units  Nominal AC voltage 480 Vac 
Inverter 67 units Wind Turbine  
Balance of system 
equipment 

0.3 $/Wdc Design farm size 2000 kW 

Installation labor 0.14 $/Wdc Turbine cost  $4,393.00/kW 
Installer margin and 
overhead 

0.7 $/Wdc Balance of the system 
cost 

$2,996.00/kW  

Contingency 4% of subtotal Sale tax rate 5% 
Permitting and 
environmental studies 

0.11 $/Wdc  Operation and 
maintenance costs: 
Fixed cost by capacity 

 
 
37$/kW-yr 

Sales tax rate 5% Degradation rate 0%/year 
Analysis period 25 years Analysis period 25 years 
Inverter Inflation rate 2.5%/year 
Type Power-One: PVI-

CENTRAL-100-US 
[480V] 

Fixed annual cost 0 $/yr 
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Figure 10 The variation of the COP of the heat pump versus variation of water temperature output of the 5G 

smart poles.  

5.2 District heat analysis 
Figure 11a presents the district heating demand for the Kera district in southern Finland. DH Demand-Sc1 is 

district heating demand (DHD) for the high temperature heating network (to obtain this profile, we scaled down 

the DHD profile for Espoo, Finland, based on the population, 14,000 people, the total annual DH demand is 

67.6 GWh [54]). To represent a case of building stock with the most recent energy requirements, we defined DH 

Demand-Sc2 based on Hirvonen et al. [55] for buildings constructed between 2010–2020 that use low-

temperature radiators (14,000 people, 700,000 floor m2, total annual DH demand is 48.6 GWh). We used the 

AB4 scenario assumptions from Hirvonen et al. [49], where U-values of a building envelope would be 0.17 

W/m2K for external walls, 0.09 W/m2K for roofs and 1 W/m2K for doors and windows. There would also be 

exhaust ventilation with efficient heat recovery. Figure 11b shows the heat production by the data centre and 

Lux 5G poles.  
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Figure 11 a) District heating demand for Kera region in two different scenarios: average Espoo building stock 

(Sc1) and newest well-insulated building stock (Sc2); b) heat production by data centre (DC) and Lux 5G.  

Figure 12 demonstrates the share of heating requirement supply by the whole system cycle (annual average, 

2.16 MWh), the data centre cycle (annual average 1.68 MWh) and the 5G smart poles cycle (annual average 

0.48 MWh). As can be observed in the figure, the system can provide approximately 38.8% of the whole heating 

demand in the case of modern, well-insulated buildings (we considered DH Demand-Sc2 as DH demand profile 

by 5.55 MWh yearly average). The data centre and Lux 5G cycles account for 30.25% and 8.75% of the heat 

demand, respectively. In addition, the figure shows the role of heat recovery in this system without heat pumps 

(system-net, data centre-net and Lux 5G-net). As can be seen, heat pumps are essential for the efficiency of 

waste heat sources. In addition, the proposed system saves electricity on the production side due to improved 

COP values in the heat pump. 
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Figure 12 Share of each system to supply the heating demand in the Kera region; the whole system, data centre 

and 5G smart poles. “-net” shows the shares without utilisation of heat pumps.   

5.3 Electricity production 
5.3.1 Wind turbine 
To supply the electricity demand for heat pump, in this section we employed small-scale wind turbines as a 

power supplier in Kera, southern Finland. Five types of wind turbines – Northern Power Northwind 100, 

Electriawind Garbi 200/28, Enercon E33 33.4m 330kW, Vestas V39-500 kW and Mitsubishi MWT 1000 – were 

selected for analysis in order to find the best one. They have different technical features including power 

producing capacity, hub height, rotor diameter and turbine power curve, as presented in Table 3. The wind farm 

capacity is 2 MW and the number of turbines in the wind farm is determined based on the turbine capacity. The 

paradigm of wind speed in each region is one of the most important parameters for selecting the wind turbine. 

Getting back to the results, the minimum LCOE was achieved for Enercon E33 33.4m 330kW with 

10.40¢/kWh. The system considered is so large that it needs a local distribution grid connection. Thus, also 

electricity tax (€27.9372/MWh) and distribution fees (€8.7172/MWh) must be taken into account [56]. The 

exchange rate from the US dollar to the euro is considered as 0.92 (as of March 2020). It also has a maximum 

capacity factor of 39.6%. The total investment cost was €11.262 million. The hourly power production of 

Turbine 3 for a whole year is presented in Figure 13. On the right side of the figure, the relative abundance of 

the turbine power has been plotted. Figure 14 provides a monthly comparison between wind turbines, where the 

results show that from January to March and October to December, the wind potential is higher than the other 

months. This shows that between April to September, the system is more reliant on the grid.             

Table 3 The investigated wind turbines in the Kera area, Espoo, Finland: technical specification of each one 
along with power generated, capacity factor, LCOE and net capital cost for a 2 MW system [47].  

Wind turbine 
type 

kW rating Hub 
height (m) 

Annual 
energy 
(MWh) 

Capacity 
factor (%) 

LCOE 
(¢/kWh) 

Net capital 
cost (M€) 

 
Northern 
Power 
Northwind 100 

100 37 6,193 35.4 11.84 13.778 

Electriawind 200 39 6,745 38.5 10.75 13.778 

System

Lux 5G

 Data center

System-net
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Data center-net
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Garbi 200/28 
28m 200kW 
Enercon E33 
33.4m 330kW 

335 50 5,817 39.6 10.40 11. 262 

Vestas V39-
500 kW 

500 53 5,993 34.2 12.28 13. 447 

Mitsubishi 
MWT 1000 

1000 69 6,333 36.2 11.54 13. 447 

�

 
Figure 13 Power production of wind turbine 3 over one year in the case study region.  

 
Figure 14 A monthly wind power production comparison in Kera, Espoo, Finland.  �
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5.3.2 Photovoltaic system 
In this segment, five types of photovoltaic collectors have been examined and evaluated. Table 4 presents a 

comparison between different collectors in which “Phono Solar Technology Co.-Ltd.PS215M-20/U” has the 

maximum capacity factor and the minimum LCOE – 9.5% and 11.16 ¢/kWh, respectively. The total investment 

cost was €13.24 million. The photovoltaic system was designed using the same investment as the wind farm. 

The nameplate DC capacity is almost 8 MW, but with this nameplate DC capacity, we can gain the same annual 

energy as from the wind turbine. This is due to the distinction of capacity factor and energy resources that the 

photovoltaic system and the wind turbines use. To design the photovoltaic system in the study region, the tilt 

angle, azimuth angle and ground coverage ratio were 20�, 180� and 0.3. Figure 15 illustrates the photovoltaic 

array DC power generated for the entire year. As can be observed, the maximum power generation is between 

April and September. The system considered is so large that it needs a local distribution grid connection. Thus, 

we also have to pay electricity tax (€27.9372/MWh) and a distribution fee (€8.7172/MWh) as well [56]. 

Table 4 The investigated photovoltaic collectors in the study region for generating the electricity: technical 
properties of each one along with annual energy generated, capacity factor, LCOE and net capital cost for a 

nominal capacity of 8 MW [47].  

Photovoltaic collector 
type  

Annual energy 
(MWh) 

Capacity factor 
(%) 

LCOE 
(¢/kWh) 

Net capital cost 
(M€) 

SunPower SPR-E19-
310-COM 

6,342 9.0 11.67 13.242 

SunPower T5-SPR-305E 6,327 9.0 11.70 13.240 
Sunperfect Solar 
CRM190S125M-72 

6,414 9.2 11.53 13.243 

Phono Solar Technology 
Co.-Ltd.PS215M-20/U 

6,633 9.5 11.16 13.242 

Motech Industries 
IM72C3-300-wxxyzz 

6,435 9.2 11.50 13.242 

�

�
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Figure 15 Photovoltaic array DC power generated (kW) over one year in the study region.  �

5.3.3 Hybrid system 
Investigations have shown that power generation using the photovoltaic system and the wind turbine have an 

inverse paradigm. Most power generation by the photovoltaic system is from April to September, when we have 

lower power generation from the wind farm. Therefore, in this part, we designed a hybrid system (50% of the 

investment for photovoltaic and 50% of the investment for wind) to generate electricity for one year in the study 

region. Figure 16 delineates the electricity spot price for Finland in 2018, electricity generated by the hybrid 

(photovoltaic/wind) system, electricity transferred from system to grid, and conversely from grid to system.  Jo
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Figure 16 Electricity spot price for Finland (2018); electricity produced by the hybrid system (photovoltaic and 

wind turbine), electricity from the system to the grid, and electricity from the grid to the system.   

5.4 Economic summary 
Table 5 summarises the LCOE of different technologies to retrieve the waste heat from the data centre and 5G 

smart poles in order to use it in the LTDH network in the study region. As can be seen from the table, we 

defined six scenarios for the HOB in which it works with various fuels including biogas, industry wood residue, 

forest fuel wood, wood pellets, ammonia and electricity (from the market). Also, for the heat pump, four 

scenarios were investigated: a heat pump working with electricity produced by the PV system, a wind turbine, 

hybrid PV/wind, and in the final scenario it receives electricity from the electricity market. Power generation 

units are interconnected to the national grid; the excess power is sold to the electricity market and the deficit is 

bought from the electricity market. As long as we buy electricity from the market, we pay electricity tax 

(€27.9372/MWh) and a distribution fee (€8.7172/MWh) [56]. As can be explicitly observed, the heat pump 

scenarios have a lower LCOE compared to the HOB scenarios. This table also shows that if we produce 

electricity using the hybrid system, the LCOE is 3.632¢/kWh, which is approximately 3.3% higher than the 

electricity market. One of the main advantages that the heat pump has over HOB is that the heat pump can 

produce heat (that is used in the LTDH network) and cool (that is used for cooling the equipment in the data 
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centre) simultaneously. According to the table, HP/PV has a lower LCOE, because with the PV system we gain 

more income, as presented in Table 5.  

Table 5 LCOE of different technologies for the waste heat recovery and supplying the heating requirement, 
EPP: electricity spot price, HPE: heat pump efficiency. Income denotes the income from selling excess 

electricity to the spot market.   

Scenario Initial 
component 
cost 
(€/kW) 

Fuel 
handling 
cost 
(€/kW) 

Fuel cost 
(€/MWh) 

Efficiency LCOE 
(¢/kWh) 

Income 
(M€) 

HOB/Biogas 750 330 18 0.929 5.8449 - 
HOB/Industry wood 
residue 

750 330 21 0.885 
6.628 

- 

HOB/Forest fuel wood 750 330 21 0.842 7.107 - 
HOB/Wood pellet 750 330 44.2 0.852 10.173 - 
HOB/Ammonia 750 330 100 0.920 15.611 - 
HOB/Electricity market 750 330 ESP 0.990 10.137 - 
HP/PV 1000 300 EPP HPE 3.192 0.18  
HP/Wind turbine 1000 300 EPP HPE 3.619 0.076 
HP/Hybrid PV/Wind 
turbine 

1000 300 EPP 
HPE 3.632 

0.095 

HP/Electricity market 1000 300 EPP HPE 3.516 - 
 

6 Conclusions 

To follow the carbon emission abatement trajectory, not only should all power plants use fossil-free fuels but 

they should also pay attention to the waste energy resources can significantly assist us. To meet the 

sustainability goals of the City of Espoo, local renewable energy production and the efficient utilisation of waste 

heat sources is needed. We conclude our findings as follows: 

� DH Network perspective: The network was a low-temperature district heating (LTDH) system with 

annual average demand of 5.55 MWh in the Kera area (14,000 people, in the case of modern 

buildings). We designed an ejector expansion system to recover the waste heat from the data centre and 

5G smart poles in order to use it in the LTDH network. A heat-only boiler (HOB) was also designed 

for use as an alternative technology for this purpose in the study region. We showed that the designed 

system produces an annual average of 2.16 MWh of heat, which is approximately 38.8% (30.25% from 

data centre and 8.55% from 5G smart poles) of the heating demand of the area when heat pumps are 

utilised. Without heat pumps, the share of recovered heat from the data centre and 5G smart poles 

would be 9%. Heat pumps were investigated using four different scenarios. We produced electricity 

with a PV system, wind turbines, a hybrid PV/wind system (to complement each other throughout the 

year), and electricity from the spot market. Results showed that the LCOE for heat pumps and the 

utilisation of waste heat streams was significantly lower than HOB scenarios. The LCOE of waste heat 

utilisation with heat pumps was 3.192¢/kWh with our own PV system electricity production, and 

3.516¢/kWh if we buy electricity from the market, assuming the market price level of 2018.�

� 5G smart poles perspective: In this study, we investigated the feasibility of using 5G smart poles as a 

heat source for the heat pump, which could be considered for the future design of a district heating 

network. From a technology point of view, 5G smart poles can be coupled with data centres and 

pharmaceutical centres to design a centralised heat pump, as they have the same temperature range.       
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� Technology perspective: We showed that the coefficient of performance (COP) of the ejector cycle is 

approximately 18% higher than a standard compression cycle, which can significantly decrease the 

power consumption of the system for a long period. In more detail, we depicted that finding the 

optimum pressure drop in the suction nozzle can significantly increase the COP and volume cooling 

capacity (VCC) and their improvements compared to the standard refrigeration system. It was found 

that the optimum pressure drop in the suction nozzle (1p) for EEHP working with R133mzz(Z) was 

3.6 kPa, for R1233zd(E) was 5.10 kPa, for R1224yd(Z) was 6.85 kPa and for R1234ze(Z) was 8 kPa. 

Besides, in the optimum 1p we observed the minimum pressure ratio (PR) and the maximum pressure 

lift ratio (PLR). By increasing the evaporating temperature, it was found that the COP, VCC, 

entrainment ratio and area ratio (AR) increased and VCCimp, PR and PLR decreased. By investigating 

the effect of condensing temperature over the performance of the system, we found that increasing the 

condensing temperature has an adverse effect on the performance of the system. The effect of the 

motive nozzle, suction nozzle and diffuser efficiencies on the performance of the system was 

investigated. The results have shown that increasing the aforementioned efficiencies is one of the most 

promising ways of improving the COP of the system. The exergy analysis was implemented, and the 

results have shown that maximum exergy destruction took place in the condenser, and the EERS 

working with R1234ze(Z) has the least exergy destruction. 
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Appendix A: Heat pump system 

Figure A1 illustrates the P-h diagram of the refrigeration system. Two preconceptions have been considered for 

designing the system that are described in point 9 (saturated vapour at the outlet of the evaporator) and 3 

(saturated liquid at the outlet of the condenser). The quality of point 6 was considered as an objective function in 

the thermodynamic model. Different sections of the ejector device are shown in Figure A2.   
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Figure A1 P-h diagram of the EERS. 
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Highlights 

� An ejector heat pump was designed to retrieve waste heat from data center and 5G Smart Poles 
� The possibility of using 5G Smart Poles as a heat source for heat pumps was investigated 
� Heat pump system was compared with heat only boiler for waste heat recovery 
� PV and wind turbine were investigated to supply the electricity demand of heat pump 
� Heat pump/PV scenario was the cost-effective way to retrieve waste heat with LCOE of 3.192 ¢/kWh  
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