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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

In CO2 refrigeration systems, the system can operate in subcritical or transcritical cycle depending on ambient temperature. 
When the system is operating in transcritical cycle the heat exchanger at the high-pressure side of the system is well known as 
gas cooler. The gas cooler rejects heat from the superheated refrigerant gas to ambient air without condensation in single phase 
heat transfer process. The understanding of its performance parameters under different conditions and control strategies is 
essential to adequately design and optimise for specific applications. In this paper, a detailed mathematical model is developed in 
the Engineering Equation Solver (EES) platform, and validated with experimental results obtained from a test rig at the National 
Centre for Sustainable Energy use in Food Chains (CSEF). The model is investigated two different gas cooler designs when 
separately installed and test into a CO2 refrigeration system, an attempt to formulate the design guidelines for CO2 gas coolers. 
Then the detailed gas cooler models were integrated with the CO2 refrigeration system model to investigate the effects of the gas 
cooler design into system COP. Parameters such as intermediate pressure, evaporating temperature and cooling capacity were 
defined from the experimental results and then inserted to the model. The results of the detailed gas cooler model and CO2

refrigeration system model were validated against the experimental test results based on the gas cooler performance and overall 
system performance.
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Nomenclature

A Area (m2)
aair Air heat transfer coefficient (Wm-2 K-1)
Afin Fin area (m2)
Ain,tube Internal tube area (m2)
aref Refrigerant heat transfer coefficient (Wm-2 K-1)
Cmin,max Heat Capacity Rate (W K-1)
cpair Specific heat of air (kJ kg-1 K-1)
do Pipe internal diameter (m)
h Enthalpy (kJ kg-1)
ṁref Mass flow rate (kg s-1)
no Surface fin efficiency (%)
QAL Additional load capacity (kW)
QMT Medium temperature capacity (kW)
qref Heat transfer rate (W)
Rwall Pipe wall thermal resistance (K W-1)
Tair Air temperature (oC)
Tref Refrigerant temperature (oC)
UA Overall heat transfer coefficient times area (W K-1)
Ẇcomp Compressor power consumption (kW)
Ẇfan Main fan power consumption (kW)

1. Introduction

After the first installations of cascade systems where the CO2 operates as a low stage refrigerant, the real 
breakthroughs for the new all-CO2 systems began around 2005. The use of CO2 as the only refrigerant for small, 
medium and large supermarket applications has been introduced in transcritical booster systems.  By using CO2 as 
the only refrigerant eliminates the environmental impact from the refrigerant leakage comparing to systems where 
HFCs used. However, when the ambient is high, then the system will operate over the critical point and transcritical 
mode is enforced. For the transcritical operation the heat exchanger will act as a gas cooler where the operating 
pressure becomes independent of the gas cooler outlet temperature. The high operating pressure in the gas cooler can 
lead to high power consumption of the system and loss on the overall COP. Therefore, the control strategies for the 
individual pressure stages for the transcritical operation need to be regulated in order to achieve best performance of 
the system. The important consequence of controlling the high pressure side of the system has to do with the 
pressure inlet at the throttling valve and the specific refrigeration capacity provided for each given pressure exit [1]. 
Therefore, the optimum value for each ambient temperature need to be obtain in order to keep the COP in the higher 
levels. Ge and Tassou [2] presented a thermodynamic analysis of a conventional CO2 booster refrigeration system. 
Sensitivity analysis was performed to identify the main parameters that affect the performance of booster systems 
when they operate in the transcritical mode at ambient temperatures between 25 and 40°C. Ge et. al. [3] presented an 
experimental and modelling analysis of CO2 refrigeration system including a detailed model for the condenser/gas 
cooler. The model can be used to design and optimize a CO2 refrigeration system. Tsamos et al. [4] reported 
experimental results from a CO2 booster system which highlights the effects of different condenser/gas cooler sizes 
and designs. The CO2 booster system was experimentally tested under various ambient conditions, air flow rates and 
approach temperatures. Santosa et al. [5] presented an investigation of the local heat transfer coefficients in a 
condenser/gas cooler coil using experimental data and CFD modelling. They showed that coil design enhancements 
such a slit fin can lead to smaller heat exchanger coils.

In this paper, a detailed mathematical model is developed in the Engineering Equation Solver (EES) platform, and 
validated with experimental results obtained from a test rig at the National Centre for Sustainable Energy use in 
Food Chains (CSEF) to design and analyse the gas cooler performance when the system is running in transcritical 
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mode. Then, the detailed model was integrated with CO2 refrigeration system to study the effect of different gas 
cooler designs into system cooling performance. Two different gas cooler sizes with different pipe arrangement and 
number of segments were investigated. In additional, the control strategies such air volume flow rate passing through 
the gas cooler  and optimum fan speed setting have been discussed.

2. Experimental apparatus 

To evaluate the performance of CO2 gas cooler and its integration with the refrigeration system a test unit has 
been built. The CO2 heat exchanger is suspended tightly between two upright metal frames. Two propeller air fans 
with variable speed controller function are installed above the heat exchanger to maintain a passage of fixed air flow 
(main fans). Four smaller air fans were installed above the main fans oppositely along the direction of pipe length.  
Those will be switched on if the air on temperature is controlled to be higher than ambient. A part of the hot exhaust 
air will flow back through the return air tunnels, the return air grills and finally mix with the lower temperature 
ambient air flow. In case the mixed air flow temperature before the coil is still lower than the controlled air on 
temperature, two electric air heaters were installed just below the coil. Those will be switched on to control the air 
on temperature in higher levels. This unique test facility design allows controlling the gas cooler air on parameters, 
temperature and flow rate for different designed experimental tests. In order to experimentally examine the behavior 
of different CO2 gas coolers under controlled parameters and the effects on the integrated  refrigeration system, two 
gas coolers have been purposely designed and manufactured with different pipe arrangements and circuit numbers 
which are denoted as coil A (3-row) – B (2-row). Details for both coils can be found in Tsamos et al. [4]. These two 
heat exchangers were installed in the integrated CO2 system separately and tested at the same operating stages of 
intermedium and medium temperatures and pressures and air flow parameters. The air-on flow temperatures varied 
between 27°C to 36°C and flow rates were modulated to be at 50%, 60% and 70% of the total air fan speed 
corresponding to 2000 l s-1, 2400 l s-1and 2800 l s-1. Consequently, both heat exchangers operated at gas cooler mode 
all the time. 

3. Model approach

The dimensional parameters were used for the simulation model are the same with the coil A and B which have 
been previously experimentally investigated. The discrete numerical model solution is used in developing the 
simulation model of finned-tube air cooled CO2 heat exchanger. Figure 1a illustrates the two coils where used for 
the simulation models. The three dimensional diagram of the coil A is shown in Fig. 1b. Same procedure has been 
used for coil B. Copper tubes are arranged parallel to i direction, j and k specified the longitudinal and transverse 
direction respectively. The air is passing through the coil parallel to j direction and the refrigerant flows inside the 
pipe parallel to i direction. Each pipe was divided in 16 segments of 0.1 m each for both coils. The larger value of 
segments is, the more accurate the simulation will be. The professional version of the EES [6] program can solve 
12,000 simultaneous equations. Due to this limitation the number of the segments set to be 16. The equations for 
refrigerant and air side are solved simultaneously using an iterative method for i+ 1 and j + 1. The pipe number 
starts from the refrigerant inlet to refrigerant outlet to complete each pipe circuit. Starting from the inlet refrigerant 
conditions the solution of each sub-element is used as the input for the next sub-element until the model completes. 
The air inlet temperature at each segment must be assumed, which should be higher than the known air inlet 
temperature. The solution proceeds until the segment No. 1 where the air inlet conditions are known as showing in 
Fig. 1c. By updating the guess values of the EES solution the model is looping in order to calculate the real values of 
T_air [1], T_air [2] and T_air [3] which is the air outlet of the finned-tube air cooled gas cooler. Figure 2 shows the 
flowchart of the model for the finned-tube air cooled CO2 gas cooler. All the thermodynamic equations were applied 
to individual segments. The coil A heat exchanger is divided in 384 sub-elements and the coil B in 320 sub-
elements. The mass, momentum and energy equations were applied in each sub-element. Those equations are 
discretised for all sub-elements with coordinate (i, j, k) to (i+1, j, k) for the refrigerant side and (i, j, k) to (i, j+1, k) 
for the air side. The air mass flow rate is calculated for each sub-element based area. The cross section area of the 
coil and the mass flow rate is used to calculate the air velocity. The refrigerant mass flow rate is defined based on 
the experimental results of each test parameter. 
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(a) 
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(c) 

Fig 1: (a) CO2 air cooled heat exchangers (b) 3D schematic of the coil (c) Gas cooler element

For the NTU-ε method which has been used to calculate the heat transfer for air side in one sub-element the 
minimum and maximum capacity rates are required to complete the calculations. The air side heat transfer 
coefficient is calculated by using j-factor as shown by Wang et al. [7]. By knowing the air side heat transfer 
coefficient the surface and fin efficiency can be calculated. The refrigerant heat transfer coefficient was calculated 
by using Pitla et al. correlation [8]. Gnielinski [9] correlation is used to calculate the respective Nusslet number for 
the individual sub-elements. The friction factor correlation used has been developed by Petukhov [12]. One of the 
most essential part of the heat exchanger analysis is the determination of the overall heat transfer coefficient times 
the area which is known as UA value. For the case of CO2 gas cooler where the temperature and pressure is much 
higher comparing with the convectional refrigerants, the analysis of the overall heat transfer coefficient it very 
essential. The UA can be calculated as following:

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = �
1

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝜂𝜂𝜂𝜂𝑜𝑜𝑜𝑜𝑈𝑈𝑈𝑈𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓
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 (1)

The momentum equation is used to calculate the refrigerant pressure drop across the finned-tube air cooled CO2

heat exchanger. From literature review and experimental tests noticed that the pressure drop increases as the mass 
flux increases and as the system pressure decreases. This is due to the higher density of the CO2 when the system 
pressure is respectively higher. The air side heat transfer for the individual sub-elements is calculated by using the 
NTU-ε method. Ge and Cropper [11] defined the equations to calculate the heat exchanger effectiveness. The heat 
transfer equation in the discretised form is used to calculate the air temperature leaves each individual sub-element.

��̇�𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗,𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗,𝑘𝑘𝑘𝑘�𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗+1,𝑘𝑘𝑘𝑘 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗,𝑘𝑘𝑘𝑘�� = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗,𝑘𝑘𝑘𝑘�𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓−𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗,𝑘𝑘𝑘𝑘 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝑎𝑎𝑎𝑎,𝑗𝑗𝑗𝑗,𝑘𝑘𝑘𝑘� (2)
 

Refrigerant and air side equations are solved simultaneously using an iterative method for i + 1 and j + 1 
respectively. Both refrigerant and air properties are obtained directly from the EES software for each sub-element. 
The solving routine starts from refrigerant inlet to refrigerant outlet. The air side parameters for each sub-element 
are normally unknown and initially will be assumed. Only the gas cooler air inlet properties are known which are 
entered to the simulation models.
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Fig 2: Gas cooler solving routing

The rest of the air parameters such as temperature and properties of the gas cooler are calculated at the final 
model iteration. The solution proceeds with the outlet of one sub-element as inlet for the next one with the same 
assumption for air temperature. The assumptions for the air temperature changed only when the pipe row changed.

4. Model validation and application

The models were validated using test results from the experimental test facility. The two finned-tube air cooled 
CO2 gas coolers with different sizes and pipe arrangement were investigated experimentally in the existing 
refrigeration system. The experimental tests conditions were used to validate the model are illustrated in Table 1.
Figure 3a shows the comparison between the experimental and predicted results for the temperature drop for coil A. 
Test 1 and 2 show the experimental test data for Val. 1 and Val. 2 from the Table 1. Model 1 and 2 illustrates the 
results of the simulation model based on the same investigate parameters.  The highest heat release found to be in 
the first two pipes of the pipe row 1.
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Table 1. Experimental test conditions used for model validation

Validation Test Coil Specification
Tested Parameters

Air Parameters Refrigerant Parameters
Fan Speed Tair,in �̇�𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓 Tref,in Pref,in

Val. 1 3-rows / 4 segments 50% 29.54°C 0.041 kg s-1 94.93°C 76 bar
Val. 2 3-rows / 4 segments 50% 32.77°C 0.042 kg s-1 105.54°C 85.14 bar
Val. 3 2-rows / 2 segments 50% 28.46°C 0.035 kg s-1 88.11°C 75.37 bar
Val. 4 2-rows / 2 segments 50% 35.14°C 0.038 kg s-1 100.85°C 87.27 bar

Overall, there is a very good agreement in results comparing the experimental and the model predicted data. The 
experimental data shows that the 53.41% and 11.72% of the temperature drop on the 1st and 2nd pipe respectively 
for the Val. 1. The simulation model predicts that the temperature drop 52.82% and 12.82% for the 1st and 2nd pipe 
respectively.  Figure 3b shows the comparison between the experimental and predicted results for the temperature 
drop across coil B. Test 3 is showing the temperature drop for Val. 3 parameters. Model 3 line shows the predicted 
temperature drop for the same parameters. Both experimental and simulation tests results shows really good 
agreement. Test 4 and Model 4 lines is the comparison of the experimental and predicted temperature profile across 
the heat exchanger for Val. 4 test parameters. As for the coil A it is seen from both simulation and test results that a 
sharp refrigerant temperature occurs on the first two pipes of each segment. This is due to the large difference 
between the air temperature passing through the pipe and the refrigerant temperature flow inside the pipe where the 
properties of CO2 refrigerant is enhancing heat transfer in this local region.

  
(a) (b) 

Fig 3: Model validation

The temperature discrepancies between simulation and test results for refrigerant temperature profile across the 
heat exchanger are mostly within ±2 °C. Due to the fairly same refrigerant temperature outlet from both simulation 
and test results the simulation model can also accurately predict the finned-tube air cooled CO2 gas cooler heat 
capacity and approach temperature. It is concluded that the simulation can fairly predicted the actual values recorded 
from the experimental tests and the model is therefore validated. The developed discrete heat transfer model is then 
integrated into the existing CO2 refrigeration system to compare the effects of the heat exchanger designs on the 
system performance under various design parameters. The transition temperature to transcritical model is set to be at 
27 °C. The detailed model for the integrated CO2 refrigeration system is presented by Tsamos et. al. [12]. The low 
temperature side is replaced by the additional load in this work. The intermediate pressure was constant at 31 barg. 
The evaporating temperatures for MT display cabinet and additional load were -8 °C and -10 °C respectively. 
Superheat degree for bath evaporators defined from the experimental results. The outputs from the detailed EES gas 
cooler model were transferred to CO2 integrated refrigeration model to solve for the rest of the refrigeration cycle. 
The COP for model predictions and experimental tests calculated with the Eq. 3. The work done by the gas cooler 
fans was recorded by a power quality analyser. The same values entered to the simulation models.

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  
�̇�𝑄𝑄𝑄𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + �̇�𝑄𝑄𝑄𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

�̇�𝑊𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 + �̇�𝑊𝑊𝑊𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
 (3)
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Figure 4 shows the variation of the COP for both experimental and simulation results for the coil B when the 
main fan speed was set to be at 70% of the total power. The maximum difference between simulation and 
experimental results for given test parameters was found to be slightly lower than 11%. Very similar trends may be 
obtained for both coils A and B with 50% and 60% of main fan speed.

Fig 4: Variation of the COP for both experimental and simulation results

The validated model used to investigate the effect of different gas cooler designs into the overall system 
performance. The detailed experimental investigation for this work has been published by Tsamos et. al. [4]. Those 
includes the system performance investigation when two different gas cooler design separately installed and tested 
under control parameters such as air volume flow rates passing through the gas cooler. The validated model can be 
used for wider investigation in terms of heat exchanger design, pipe arrangement, number of segments and air 
volume flow rates passing through the gas cooler. Model can accurately predict the temperature and pressure drop 
across the gas cooler, air and refrigerant side heat transfer coefficient, UA values, fin efficiency, bulk and wall 
temperature for each sub-element by using the heat transfer coefficients and heat rejection capacity. Figure 5
showing the variation of COP of the CO2 refrigeration system by using same design as the two gas coolers 
presented in this paper for different air volume flow rates including 50%, 60%, 70% and 100% of the total main fan 
power corresponding to 2000, 2400, 2800 and 4000 l s-1.

Fig 5: Variation of the COP different air flows and coil design

Temperature and pressure inlet to gas cooler insert to the models are corresponding to different ambient 
temperatures. The same values were used for all the air volume flow rates.  The model used the same cooling 
capacity as derived from the experimental results, the evaporating temperature was set to be – 8 °C, superheat is set 
equal to 10 K and the intermediate pressure 31 barg. In additional the refrigerant mass flow rate was kept constant 
for all the investigated cases (0.040 kg s-1). The mass velocity (G – kg s-1 m-2) is different for the two gas cooler due 
to the number of segments. Coil B has higher mass velocity which leads to higher pressure drop across the coil.  The 
optimal discharge pressure of the coil A is lower due to the coil design which leads to higher heat capacity rejection. 
Also, the approach temperature found to be lower for coil A. By changing the main fan speed set point can increase 
or decrease the approach temperature. Higher fan speed can reduce the approach temperature but on the other hand, 
higher fan speed increases the power consumption and therefore reduces the COP of the system. A higher COP was 
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found at 60% of main fan speed corresponding to 2400 l s-1. For coil A the average COP reduced by 7.53% when the 
main fan speed is equal to 100% (4000 l s-1)  and for coil B 7.62% comparing when the system running with 60% 
main fan speed for both cases.

5. Conclusion

In this paper, a detailed mathematical model is developed in the Engineering Equation Solver (EES) platform, 
and validated with experimental results obtained from a test rig at the National Centre for Sustainable Energy use in 
Food Chains (CSEF). This work is followed an extensive experimental investigation on the design characteristics of 
the gas coolers and their effects on the system performance.

• The validated simulation model can predict the performance of the gas cooler when the system is operating 
in transcritical mode and the performance of the refrigeration system is reduced. 

• The model can predict the refrigerant temperature profiles, pressure drop across the gas cooler, air and 
refrigerant heat transfer coefficients and heat rejection. The validated integrated refrigeration system model can be 
used to calculate the COP of the system when different gas cooler designs are used. The mean error between 
experimental values and simulation found to be 7%. 

• The results show that the gas cooler discharge pressure is controlled at an optimum value based on the 
refrigerant temperature exit the gas cooler.  The lower approach temperature of coil A leading to lower discharge 
pressure and higher system performance. 

• The approach temperature can be reduced by increasing the main air fan speed. On the other hand 
increasing the fan speed the power consumption of the system increasing as well. Therefore, the optimal control 
settings must be identified. In this paper, the higher performance of the system found when coil A is used and the 
main fan speed is controlled at 60% of the total power corresponding to 2400 l s-1. 

• For coil A the average COP reduced by 7.53% when the main fan speed is equal to 100% (4000 l s-1)  and 
for coil B 7.62% comparing when the system running with 60% main fan speed for both cases.
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