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Abstract

Ventilation and air conditioning systems are emerging as the major energy consumers in low energy 

buildings. The objective of this paper is to present new methodology for assessment of Air Handling 

Units (AHUs) taking into account the variations of reference temperature. The methodology using 

the concept of coenthalpy, developed for heat exchangers and published by the authors previously 

has been used. Four AHUs that comprise energy transfer devices, such as: Water-to-Air Heater 

(WAH), Heat Recovery Exchanger (HRE) and Heat Pump (HP) have been investigated. 

Thermodynamic parameters including Coefficient of Performance (COP), universal and functional 

exergy efficiencies have been used to compare AHUs and to calculate the exergy destruction in AHU 

components at variable environment temperature -30°C…+10°C. The results of this study show that 

using HRE the COP and exergy efficiencies are significantly better compared with AHU without 

HRE. Using the HRE of higher effectiveness, the thermodynamic indicators can be improved 

considerably. The study shows that AHUs equipped with HP with advanced control method and HRE 

are more advantageous compared with other investigated AHUs.

The presented methodology could have practical application for evaluating of energy and exergy 

efficiency of AHUs at different reference temperatures when designing HVAC systems and 

implementing optimum control methods.
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1. Introduction 

In recent decades, due to stricter energy efficiency requirements the thermal performance of buildings 

has been rapidly improving. Due to increased thermal insulation of building envelope the heat demand 

for space heating reduces [1]. Therefore, in modern low energy buildings the major energy consumers 

are ventilation and air conditioning systems that are designed to provide air of suitable quality [2,3]. 

To save thermal energy in airtight and well insulated buildings the ventilation systems with heat 

recovery units are often recommended. Therefore, improvement of those systems is of vital 

importance in order to achieve better indoor climate and to reduce energy consumption in buildings 

[4,5].

To investigate Heating Ventilation and Air Conditioning (HVAC) systems, which can consist of 

different subsystems, a variety of methods can be used. One of those methods is thermodynamic or 

exergy analysis. Using this method, the quality of energy could be evaluated [6–8]. Exergy is a useful 

quantity that stems from the combination of the second and first laws of thermodynamics. The exergy 

of a system is defined as the maximum shaft work that can be done by the system at a specified 

reference environment [9,10]. The thermodynamic reference environment (temperature or pressure) 

“acts as an infinite system, and is a sink and source for heat and materials” [11]. When exergy analysis 

is used it is important to follow universal principles of the method that could be applied for system 

components or whole systems. Therefore, the choice of reference environment, which can be 

constant, variable or averaged over the chosen period is a very important step. For example, in an 

important study on low exergy buildings it “is recommended to use the (current) surrounding outdoor 

air as the reference environment for the exergy analysis of buildings and their energy supply systems” 

[12]. However, there is no recommendation in this study how to conduct the exergy analysis when 

the reference temperature is variable. 

HVAC systems are the systems where the temperatures of the working fluids are close to the 

environment temperatures. However, there is no strict agreement among researchers what reference 

temperature should be used when conducting exergy analysis of those systems. Some researchers 

recommend using the reference (dead) state temperature, which is based on the daily or monthly 

average temperature [13] or on the average annual temperature of particular location [14]. Others 

perform studies based on seasonal temperatures [3,15,16]. Torío et al. [17] has conducted research on 

the selection of the reference temperature for the exergy analysis. Their review study shows that when 

the properties of a system are close to those of the reference environment, results from the exergy 

analysis undergo strong variations depending on the definition of the reference environment chosen. 
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Therefore, when analysing HVAC systems it is extremely important to choose appropriate reference 

temperature. It is worth mentioning that, as noticed by Laverge and Janssens, “the use of average 

temperatures to calculate the Carnot efficiency therefore introduces an error” [18]. This is not always 

taken into account when conducting exergy analysis of HVAC systems.

The exergy analysis can be used to analyse the whole system or to investigate separate subsystems or 

system components. One of the objectives of the exergy analysis is to improve the efficiency of 

energy conversion systems and to identify components where the exergy destruction occurs. Also, an 

optimisation of energy conversion processes could be performed using the exergy parameters as 

indicators. The operation of energy conversion systems depends on the efficiency of separate 

components and subsystems, operating conditions and control strategies [6]. 

There are many studies on the exergy analysis of HVAC systems and components. The exergy 

analysis of air conditioning and refrigeration systems were presented by Dincer and Rosen [9], where 

the effect of the reference temperature on the results of exergy analysis was shown. Review studies 

on application of exergy analysis were published by Torío et al., Hepbasli, Park et al., [17,19,20]. The 

exergy analysis of building energy systems using the low exergy principle was presented in 

[12,21,22]. The exergy analysis of heat exchangers for HVAC systems was conducted by Martinaitis 

and Streckiene [23], and dehumidification and other processes were analysed in [24,25]. 

Chengqin et al. [26] evaluated four evaporative cooling systems at two ambient temperature 

conditions (+33ºC and +36ºC). Their results showed that the effectiveness of the heat exchanger of 

the indirect evaporative cooling system was important in improving the exergy efficiency of the 

regenerative system. 

Wei and Zmeureanu [15] presented the exergy analysis of variable air volume systems for air-

conditioning. Two thermodynamic indicators: Coefficient of Performance (COP) and exergy 

efficiency were used. Variable environment temperature between -30° and +30° C was assumed in 

this study. The results of the study showed that “the use of electricity as an energy source for heating 

or cooling in a HVAC system is not a thermodynamically sound choice”. Therefore, one way to 

improve the exergy efficiency of the system is to change the heating source from electricity to 

renewable energy sources such as: waste heat, geothermal or solar. Besides, the authors conclude that 

the energy analysis should be combined with the exergy analysis when assessing the performance of 

buildings and HVAC systems.

Comparison of buoyancy-driven ventilation system with mechanical ventilation system was 

presented by Wang and Li [27]. The results of their study showed that the exergy efficiency of the 
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buoyancy-driven ventilation system is very poor and the exergy destruction accounts for 83.1% of 

the total exergy input. Although the authors conducted analysis at constant environment temperature, 

they concluded that in future the investigation of exergy efficiencies of ventilation systems 

dynamically taking “the whole energy consuming chain into account” should be conducted. 

Cumulative exergy analysis method to analyse different air conditioning systems was used by Pu et 

al. [28]. Although the calculations were conducted at constant environment temperature of 35.1°C 

the authors observed that cumulative exergy values are sensitive to the reference temperature. It was 

reported that the exergy efficiency and the cumulative exergy efficiency increase when the dead state 

(reference) temperature increases. Moreover, the authors conclude that “the effect of varying the dead 

state temperature should be analysed according to the operating data at different dead state 

temperature”.

Laverge and Janssens [18] investigated heat recovery ventilation for different climates in Europe. 

They used exergy conversion factor (Carnot efficiency) as one of the indicators. The study showed 

that the heat recovery ventilation can be made profitable all over Europe. 

Misevičiūtė et al. [3] calculated the exergy demand for air heating in AHUs of the public building. 

Their research showed that it is possible to identify the outdoor temperature, when the exergy 

consumption is maximum. If this temperature is known the selection and optimisation of AHUs can 

be performed.    

Zhang et al. [29] used exergy and entransy analysis to investigate HVAC systems in buildings. T-Q 

(temperature-heat) diagrams were mainly used to analyse various heat exchangers. Authors showed 

that the entransy dissipation extremum principle was preferable for the optimisation of heat 

exchangers. The results of entransy analysis of HVAC systems was also presented in [30]. 

Kim et al. [31] evaluated the performance of various cooling systems using energy and exergy 

analyses. They showed that the decentralized ventilation system performed better compared to the 

central Air Handling Unit (AHU). Also authors concluded that the value of the exergy efficiency was 

influenced by the ambient thermal conditions. 

Khalid et al. [32] analysed three HVAC systems using renewable energy sources to determine the 

effects of various parameters including ambient temperature, on the energy and exergy efficiencies. 

Heat pump was one of the few HVAC system components analysed in this study. The energetic COP 

and exergetic COP were calculated at variable ambient temperature between +25°C and +40°C. The 

results of the study show that the exergetic COP decreases significantly from 0.22 to 0.004 depending 



5

on the environment temperature, while the energetic COP remains constant. The authors also found 

that main components responsible for large amount of exergy destruction were evaporators.   

The concept of exergy can also be used for the optimisation of energy systems. Jain and Alleyne [33] 

designed an optimal controller for a four-component vapour compression system using the exergy 

approach. It allowed the maximization of exergy efficiency while achieving required cooling 

capacity. 

Du et al. [34,35] proposed Control Perfect Index ranking method to evaluate the control of HVAC 

systems. According to the researchers this approach could provide more information for the users on 

the selection of optimal strategy. Razmara et al. [36] developed Model Predictive Control technique 

using exergy model to minimize the exergy destruction in HVAC system. A method based on the 

exergy analysis, to set up an ideal operation of HVAC system was presented by Fang et al. [6]. Using 

this optimisation technique they calculated the ideal exergy destruction of each HVAC subsystem.

Exergy efficiency is the most often used exergy-based parameter, when different energy conversion 

systems are compared. The exergy efficiency indicator is more informative than the energy efficiency 

value. It is more useful when system imperfections have to be identified or analysing how systems 

could be improved [26]. There are two definitions of exergy efficiency used in exergy analysis 

[17,19,37–40]: 

- Universal (input-output, brute-force, overall or total) exergy efficiency, which is defined as 

the ratio of all outgoing to incoming exergy flows;

- Functional (utilitarian, consumed-produced, rational or task) exergy efficiency, which is 

defined as the ratio of to the system generated (produced) and given (consumed) exergy.

From the literature review above it is clear that exergy analysis is a valuable methodology. The results 

of the exergy analysis depend on the selection of the reference temperature. If the reference 

temperature is variable, new exergy analysis methods could be developed to evaluate dynamic 

behaviour of HVAC systems. In this study the exergy analysis methodology for evaluation of Air 

Handling Units, based on the approach developed for heat exchangers reported in previous 

publications [23,41] is presented. The novelty of this study is the use of variable reference 

temperature, which is equivalent to environment temperature. This approach allows the calculation 

of thermodynamic indicators, such as: Coefficient of Performance (COP), universal and functional 

exergy efficiencies as well as exergy destruction in AHU components at variable reference 

temperatures. In this study four AHUs have been analysed and compared using the new methodology. 

The effect of integration of Heat Pump (HP) and Heat Recovery Exchanger (HRE) into AHU on the 

exergy efficiency has been investigated using the indicators presented above. The proposed 
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methodology and results obtained from this study could be used for the selection of optimal AHUs, 

design more efficient HVAC systems, and could be used for the development of dynamic HVAC 

system models.  

2. Universal and functional exergy efficiencies of AHU

To ensure better living and working conditions in buildings it is imperative to create suitable thermal 

comfort by heating, cooling and conditioning of supply air. This is usually achieved using AHUs. It 

is assumed that AHUs are designed to supply required amount of fresh air at a suitable temperature. 

In this section the exergy methodology developed for analysis of AHUs taking into account the 

variation of reference temperature is presented. 

AHU is a multicomponent device consisting of different components, such as: fans, heat exchangers, 

humidifiers etc. Typical diagram of mass and energy flows in AHU is shown in Figure 1.

[Figure 1]

It is assumed that air mass flow rate for ventilation,  (it is assumed constant), supply and extract 𝑀𝑉

air temperatures to and from the room TR and outside air temperature Te are chosen to be independent 

variables. Exhaust air temperature after AHU is TE. To conduct the exergy analysis the reference 

temperature should be chosen. Since the outside air temperature varies it is assumed that the reference 

temperature also varies and it is identical to the outside air temperature Te. 

AHU can be equipped with different components, which are chosen according to the requirements. 

To compare the effectiveness of different AHU two thermodynamic parameters, including 

Coefficient of Performance (COP) and exergy efficiency can be used. The COP of AHU is calculated 

similarly as for Heat Pump (HP):

, (1)
AHU

AHU
AHU

QCOP
E 



Here,  is the exergy flow rate supplied to AHU components, such as: fans for transportation of AHUE

air, HP compressors and to heat transfer devices (electric heaters or Water-to-Air heat exchangers 

WAH).  is heat flow rate required to ensure that air is supplied at the desired temperature. Heat AHUQ

flow rate is calculated using equation: 

 or (2)( )AHU V pa R eQ M c T T   ( )AHU R e pa R eq h h c T T   

Another useful thermodynamic parameter is exergy efficiency. AHUs can be assessed and compared 

using two exergy efficiency parameters: 
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• Universal exergy efficiency; 

• Functional exergy efficiency. 

The universal exergy efficiency is calculated as the ratio of all outgoing and incoming exergy streams. 

The functional exergy efficiency is the ratio of transferred (produced) and consumed exergy in the 

particular component or system. 

To explain the differences between universal and functional exergy efficiency calculation methods 

an example of a simple isolated heat exchanger is used (Figure 2). It is assumed that the mass flow 

rates and specific heats of fluids are the same. Flow 1-2 is “cold” stream, and flow 3-4 is “hot” stream. 

[Figure 2]

Equations used to calculate the universal and functional exergy efficiency are provided in Table 1. 

Exergy streams and values of “produced” and “consumed” exergy used for calculation of universal 

and functional efficiencies are computed taking into account variable reference conditions. From the 

point of view of thermodynamics the destroyed exergy   cannot and does not depend on how the l

exergy efficiency is calculated. 

[Table 1]

It has been reported in previous studies that the universal and functional exergy efficiencies can be 

calculated using coenthalpies [41,42]. Using this approach, the coenthalpy of the working fluid at 

state i can be calculated:

(3)
273.1

(
5

)i
i i e i p i e

Tk h T s c T T ln 

Here the enthalpy is defined as hi = сpTi, entropy is  and Te is the reference 
273.15

i
i p

Ts c ln

temperature.

Coenthalpy ke at reference temperature Te is calculated:

 (4)1
273.15

( )e
e e p

Tk T c ln 

Using coenthalpies the exergy of a stream can be calculated: 

(5)  ( )i i e i e e i ee k k h h T s s     

The exergy change during any process is calculated as the difference of coenthalpies at states 1 and 

2. 
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(6) 12 1 2 1 2 1 2( )ee k k h h T s s     

Thus, using coenthalpy the exergy destruction in the heat exchanger is calculated:

(7)31 2 4l k k k k    

For simplified AHU shown in Figure 1, coenthalpy can be used to calculate the universal and 

functional exergy efficiencies. Equations 3 and 4 are used to calculate coenthalpy kR of room air, 

coenthalpy kE of exhaust air and coenthalpy ke of the outside air.  Specific exergy  is Ve E M    

defined as an external exergy stream crossing thermodynamic system boundaries of AHU. This 

exergy stream is not directly related to air flow, but it is associated with the electrical or thermal 

energy required for transportation of air (fans), operation of HP or preheating of air in WAH 

exchangers or for electric heaters. The exergy is not generated in AHU ( ), but can only be used 0e 

( ). When the exergy is transferred to air from another working fluid, for example in WAH, the 0e 

exergy crossing the system boundaries is calculated using equation:

, (8) W
Win Wout

V

Me k k
M

  



Then, the universal and functional exergy efficiencies of AHU can be calculated using equations 

provided in Table 2.

[Table 2]

3. Description of analysed AHU

In this study four types of AHUs have been investigated (Figure 3). All systems are equipped with 

air supply fan Fs (1) and exhaust air fan Fe (2). In AHU 1 (Figure 3a) fresh air is taken at the 

environment temperature and after the heating in water-to-air (WAH) heat exchanger (3) it is supplied 

to the building. In AHU 2 (Figure 3b) the fresh air at the environment temperature is first preheated 

in heat recovery exchanger (HRE) (4). Further heating of air occurs in WAH (3). 

[Figure 3]

AHU 3 (Figure 3c) has two fans (1, 2) and a heat pump (HP). The HP consists of compressor (CM) 

(5), throttle valve (TV) (6) and two heat exchangers – condenser (CN) (7) and evaporator (EV) (8). 

The HP operates on a vapour compression refrigeration cycle. In this AHU the fresh air is heated to 

required temperature in CN (8) and transported to the building. In EV (8) the refrigerant evaporates 

due to relatively high temperature of the exhaust air. AHU 4 (Figure 3d) has two fans (1,2), HP and 



9

it is equipped with a HRE (4). In this system the fresh air is first preheated in HRE (4) and then heated 

to required temperature in CN (7).  

From Figure 3 it is seen that the thermal energy can be transferred using simple WAH exchanger, 

HRE or condensers (CN) (7) and evaporators (EV) (8). AHUs usually operate at different, but narrow 

range of temperatures, and thermodynamic processes in all heat exchangers (WAH, HRE, CN, EV) 

are similar. Energy balance equations for these heat exchangers are given below. 

Energy balance equation for simple WAH: 

 or      (8)( ) ( )WAH W pW Win Wout V pa K cQ M c T T M c T T        ( )W
WAH Win Wout K c pa K c

V

Mq h h h h c T T
M

     



Here  is water mass flow rate in WAH. WM

Energy balance equation for HRE is:

     or          (9)( ) ( )HRE V pa h w V pa c eQ M c T T M c T T      ( )HRE h w c e pa c eq h h h h c T T     

When heat pumps are used two additional heat exchangers have to be analysed. Energy balance of 

the condenser is: 

   or   (10)2 4( ) ( )CN refr V pa K cQ M h h M c T T       2 4 ( )refr
CN K c pa K c

V

M
q h h h h c T T

M
     




Here  is flow rate of refrigerant in HP. Refrigerant R410a is used for this study.refrM

Energy balance of the evaporator: 

    or      (11)1 5( ) ( )EV refr V pa w EQ M h h M c T T       1 5 ( )refr
EV w E pa w E

V

M
q h h h h c T T

M
     




It is assumed that the temperature of the inlet air to the HRE is the same as that of outside air 

temperature Te. Then the effectiveness of the heat exchangers is calculated using equations: 

  (12a) or (12b)
h w

T
h e

T T
T T







c e
T

h e

T T
T T
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For AHU 1 and AHU 2 systems the specific exergy crossing the system boundaries ( ) is positive e

and is calculated using equation:

, (13) W
Win Wout Fs Fe

V

Me k k e e
M

    



Here ,  are specific inlet and outlet coenthalpies of working fluid in WAH; and ,  Wink Woutk Fse Fee

specific exergies required for fans. If electrical heater is used the specific exergy crossing system 

boundaries is calculated by replacing the coenthalpy difference and mass ratio product in equation 13 

with specific exergy required for the heater. 

Specific exergy for AHU 3 and 4 systems is calculated using equation:

, (14)CM Fs Fee e e e   

Here  is specific exergy required for the compressor, kJ/kg.CMe

To calculate the universal and functional exergy efficiencies, exergy flows and exergy destruction of 

different AHU equations given in Table 2 are used. These expressions are useful for calculation of 

exergy efficiency at variable reference temperatures. 

In this study the following assumptions have been made:

1. Room and outside air is dry air, and the mass flow rates of supply and exhaust air streams 

are the same. 

2. AHU is well insulated, and energy is transferred to the system through air heaters 

(exchangers) and fans. 

3. Fan power is chosen based on the recommended value for HVAC systems (in W/m3/s).

4. There are no additional heat sources in the room. 

5. It is assumed that mass flow rate  and room temperature TR are the same for all AHUs. 𝑀𝑉

Heat required to preheat air is calculated using equation 2. Parameters used for comparison of AHUs 

are: COP, universal exergy efficiency and functional exergy efficiency. All calculations are based on 

the data given in Table 3.

[Table 3]

To compare different AHUs the same temperature of the working fluid has been used. Thus, supply 

and return temperatures of the working fluid in WAH (3) (for AHU 1 and 2, Figure 3) and in HP 

condenser (7 in Figure 3) (for AHU 3 and AHU 4) are the same, 75°C and 30° respectively. The 
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maximum 75°C temperature in HP is achieved after the compressor (5, Figure 3), and the 

condensation takes place at a constant 30°C. Pressure-enthalpy diagram of HP cycle using R410a as 

a refrigerant is shown in Figure 4. Red line 2-3-4 represents cooling and condensation at a constant 

pressure in the condenser (7). The red line 5-1 shows the evaporation process which occurs in the 

evaporator (8) at a constant temperature of -30°C. Red lines 1-2-4-5 represent the HP cycle of AHU 

3 and AHU 4 systems with constant compressor speed.

[Figure 4]

AHU 4, which is controlled using advanced HP control algorithm also has been analysed. In this case 

when the speed of the compressor (5) reduces to a minimum the compression pressure varies and the 

evaporation and condensation temperatures can change. Such modified HP cycle is shown using blue 

lines 1-2-4-5 (Figure 4). All parameters of this advanced system (labelled AHU4R) can change 

between the red and blue cycles. 

For all AHUs with HP it is assumed that there is no subcooling in the condenser (7) or superheating 

in the evaporator (8). All calculations have been conducted using equations provided above. 

4. Results and discussions 

In the first part of this section the calculations of effectiveness of AHUs using thermodynamic 

(exergy) analysis methods are presented and discussed. From equation 1 it is seen that the COP of 

AHU is calculated as the ratio of the heat flow rate and the exergy flow rate supplied to AHU 

components. If only electrical air heaters are used the exergy flow rate is equal to electricity 

consumption. However, when WAH (3) is used the exergy supplied to AHU should be calculated 

taking into account the temperatures of working fluid.  

In the second part of this section the exergy-based indicators: universal exergy efficiency and 

functional exergy efficiency are presented (Table 2). These indicators depend on the environment 

(reference) temperature, and one of the aims of this study is to present the methodology suitable for 

evaluation of AHUs using variable environment (reference) temperature.

Four AHUs, seven different cases have been analysed and compared:

- AHU 1 with WAH (AHU1); 

- AHU 2 with WAH and HRE at εT =60% (AHU2-60);  

- AHU 2 with WAH and HRE at εT =70% (AHU2-70);

- AHU 2 with WAH and HRE at εT =80% (AHU2-80); 

- AHU 3 with HP (AHU3); 
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- AHU 4 with HP and HRE at εT =70% (AHU4-70); 

- AHU 4 with HP and HRE at εT =70%, using advanced HP control (AHU4R-70).

The results of COP calculated in Equation 1 for different AHUs at different reference temperatures 

are provided in Figure 5. It is seen from the graph that for AHU1 the COP is slightly below 1, and 

that for AHUs without HRE and HP no significant improvement in efficiency can be achieved. 

[Figure 5]

The value of COP of AHU2-70 is around 3 (Figure 5). For AHU2-80 the COP almost reaches 5, and 

for AHU2-60 the COP is around 2.2. Significantly higher COP of AHUs with HRE is achieved due 

to the lower amount of energy (and exergy) transferred from external source. For AHU1 and AHU2 

systems a small reduction of COP is observed at higher reference temperatures. 

For AHU3, which is equipped with HP without HRE, the value of the COP is around 3. Clearly, this 

COP value depends on the COP value of the HP. It means that when only HP is used, the efficiency 

of the AHU can be even lower than that of the simple AHU with HRE (AHU2-70 or AHU2-80). The 

use of such a system should be considered only in those cases when a more compact AHU is required. 

Two COP curves of AHU4 and AHU4R, which are equipped with HP and HRE, are shown by green 

lines in Figure 5. Using HRE with εT =70% and constant evaporation and condensation pressures 

(these processes are shown as red lines 2-4 for the evaporator and 5-1 for the condenser in Figure 4) 

the COP of AHU4-70 is considerably higher at all reference temperatures compared to AHU1, AHU2 

and AHU3. The increase of the COP could be explained due to the synergistic effect of the HP and 

HRE, and because the WAH in this AHU is not used. At reference temperature of around -35°C the 

COP of AHU4 and AHU4R is about 9.5 (not shown in the figure). Considerably higher COP is 

observed when advanced control method of HP in AHU4R is used at higher reference temperatures. 

Due to the increase of the environment (and reference) temperature the heat demand reduces linearly 

(Equation 2). By varying speed of the compressor, lower pressure and temperature difference between 

the evaporator and condenser can be achieved. The change of the pressure difference between the 

evaporator and the condenser can be observed in Figure 4 (red lines 2-4 and 5-1 are approaching the 

blue lines 2-4 and 5-1). As a result, the electricity consumption of the compressor decreases and the 

COP of the HP increases. It can be seen from Equation 1 the change of the heat demand (numerator) 

is slower compared to the change of the exergy flow rate for the fans and compressor (denominator). 

The fan speed (and electricity consumption) is constant for all cases. Therefore, due the lower energy 

consumption in the compressor the COP of AHU4R is higher than that of AHU4. The COP of AHU4R 

reaches its maximum at reference temperatures of around 0°...+5°C. For the temperatures above those 

values the COP of AHU reduces, because the power consumption by fans remains higher compared 
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to the power consumption by the compressor. Less pronounced effect of power consumption by fans 

on the COP can also be seen for other cases (Figure 5).  

Variation of universal and functional exergy efficiencies of AHU depending on the reference 

temperature are shown in Figure 6a and 6b. 

[Figure 6]

It is seen from the graph that the universal exergy efficiency of AHU1 and AHU2-60 is almost the 

same. It is expected that if the supply temperature is reduced and the mass flow rate of water supplied 

to WAH is increased in AHU1 the exergy efficiency can exceed the efficiency of AHU2-60. It means 

that for the same heat demand the amount of exergy transferred will reduce. The universal exergy 

efficiency, ηU, of AHU3 (only HP) is considerably lower compared to all AHU1, AHU2 and AHU4. 

This shows the importance of using HRE in HVAC applications. 

Interesting results can be observed when comparing AHU2-70 with AHU4-70 and AHU4R-70, which 

have the same HRE efficiency of εT = 70%. The efficiency of AHU4-70 remains significantly lower 

at all reference temperatures compared to AHU2-70 and AHU4R-70. The universal exergy efficiency 

of AHU2-70 is higher than that of AHU4R-70 at lower reference temperatures. However, at reference 

temperature of around –7°C and above, ηU drops below the efficiency of AHU4R-70. This is due to 

the variation of temperatures (and pressures) in the evaporator and condenser of AHU4R-70. In the 

AHU4R-70 the variation of the universal exergy efficiency ηU is less susceptible to the variations of 

reference temperature, and from thermodynamic point of view the AHU4R-70 is more advantageous 

compared to AHU2-70.

For AHU3 and AHU4 the values of the COPAHU (Figure 5) and the exergy efficiency (Figure 6) 

depend on the performance of HP. Although in both AHUs the COP of HP is higher than 1, the exergy 

efficiency of those systems is always below 1. This is due to the low thermal exergy that is obtained 

from the high exergy electricity in the HP. The thermal exergy is calculated using conversion factor 

(Carnot efficiency), which depends on the environment temperature (1 – Te/Ti).

Functional exergy efficiency of AHUs is shown in Figure 6b. It is clear that the values of the universal 

and functional exergy efficiency for AHU1 differs considerably. Functional exergy efficiency for this 

system decreases from 32% to 9%, and the universal exergy efficiency changes from 49% to 18% 

when the reference temperature increases from -30°C to +10°C. Similar trend (ηF < ηU) is observed 

for all schemes, and the difference between the universal and functional efficiency depends on the 

reference temperature. This difference is smaller for AHU3 and AHU4 systems, which are equipped 

with HP. 
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Also, when AHU2-70, AHU4-70 and AHU4R-70 are compared, it is seen that the change of the 

functional exergy efficiency is similar to the change of the universal exergy efficiency. The functional 

exergy efficiency of AHU4-70 remains significantly lower at all reference temperatures compared to 

AHU2-70 and AHU4R-70, and the functional exergy efficiency of AHU4R-70 exceeds the exergy 

efficiency of AHU2-70 at reference temperatures above –14°C. 

It is worth mentioning that the functional exergy efficiency is more sensitive to the variation of the 

thermal effectiveness of HRE. For instance, the universal exergy efficiency varies between 38% and 

48% and the functional exergy efficiency is in the range from 23% to 47% for AHU without HP 

(AHU1 and all AHU2) at reference temperature of Te = –10°C. Thus, the functional exergy efficiency 

is more informative compared to the universal exergy efficiency, although the difference between 

these parameters is less noticeable for AHU with HP. 

The use of universal and functional exergy efficiency indicators in this study contributes to the 

knowledge about these exergy-based parameters. It has been shown above that the universal exergy 

efficiency is less sensitive and has limited applicability compared to the functional exergy efficiency. 

For example, using functional exergy efficiency (Figure 6b) it becomes clear that AHU1 is less 

advantageous compared to other AHUs, while using the universal exergy efficiency (Figure 6a) it is 

not so obvious. Similar behaviour of universal and functional exergy efficiencies in other 

thermodynamic systems have been observed and discussed by other researchers [37, 39].

One of the most important parameters in thermodynamic analysis is exergy destruction. The variation 

of the exergy destruction as a function of the reference temperature is shown in Figures 7, 8 and 9. 

The highest amount of exergy destroyed is observed for AHU3 and AHU1 (Figure 7). For AHU3 

(with HP only) the high quality energy (electricity) is converted to a low quality thermal energy. For 

AHU1 (with WAH only) the exergy destruction depends also on the temperature of the heat carrier 

(water). For all AHUs that have HRE, especially for those with high εT, the exergy destruction is 

much lower. These results indicate the importance of HRE. Moreover, using AHU4R with advanced 

HP control, the performance of AHU can be improved considerably. It is worth mentioning that when 

comparing AHUs, it is important to use this thermodynamic analysis methodology consistently taking 

into account the variation of reference temperature in order to obtain comparable results.

[Figure 7]

More detailed analysis of exergy destruction in each component of the AHU3 and AHU4-70 with HP 

is provided in Figures 8 and 9. Figure 8 shows the exergy destruction in the components of AHU3 

(with HP only). It is seen that the exergy destruction reduces when the reference temperature 
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increases. The highest exergy destruction is observed in the condenser at reference temperatures 

between -30°C and -18°C. At reference temperature above -18°C, more exergy is destroyed in the 

evaporator than in the condenser. The exergy destruction in the supply and exhaust air fans remains 

almost constant (Figure 8a). However, due to the decrease of overall exergy destruction in AHU3, 

the share of the exergy destruction in the fans increases from around 4% to 18% at higher reference 

temperatures (Figure 8b). Relative exergy destruction (Figure 8b) in the compressor (14%) and 

throttle valve (16-17%) remains almost the same for all reference temperatures. The relative exergy 

destruction in the condenser reduces from around 37% to 15%, when the reference temperature 

increases.

[Figure 8]

[Figure 9]

It is worth mentioning that the exergy destruction is only one of several exergy-based parameters, 

and the exergy supplied for different AHUs is different. However, the information about the exergy 

destruction in AHU components at variable environment (reference) temperatures is valuable and 

could contribute to the improvement of HVAC systems. 

The exergy destruction in the components of AHU4-70 is shown in Figure 9. It is seen that the exergy 

destruction in HRE varies from 0.36 kW at -30°C to 0.02 kW at +10°C. The main reason of high 

exergy destruction in the HRE at low reference temperature is large temperature difference between 

the temperature of supplied and exhaust air. More detailed exergy analysis of HRE can be found in 

previous studies [23,41]. 

The overall relative exergy destruction in the HP components: compressor, throttle valve, evaporator 

and condenser varies between 50% and 59% depending on the reference temperature. In the 

compressor, valve and condenser the exergy destruction reduces from 42% to 28% when the reference 

temperature increases. However, the share of the exergy destruction in the evaporator increases 

significantly. As it was previously mentioned, the relative exergy destruction in the fans increases 

from around 13% to 45%, when the reference temperature changes from -30°C to +10°C. It is worth 

noting that the power consumption for the fans is constant in this study.

The discussion confirms that the operation of HVAC systems depends on the climate conditions, and 

especially on the environment temperature. In thermodynamic analysis the exergy flow rates also 

depend on the environment (reference) temperature, which is usually assumed to be constant. The 

methodology developed by the authors and presented in this study shows that all exergy based 

parameters, such as: the universal and functional exergy efficiencies, and absolute exergy destruction 

are very sensitive to the variation of the reference temperature. Therefore, the proposed methodology 
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could be used for the analysis and improvement of HVAC systems that operate at variable 

environment temperatures, and also for the development of dynamic models of such systems.  

5. Conclusions

Traditional exergy analysis used for evaluation of energy conversion systems has some limitations as 

the reference temperature (and pressure) is fixed. The energy demand of HVAC systems depends on 

the temperature of the environment, which varies during the season and could be below, above or 

equal to the operating temperature of the working fluids. Therefore, to analyse AHUs the method for 

calculating of exergy efficiency at variable reference temperature has been used in this study. 

This study aims to compare four AHUs using the thermodynamic parameters including COP, 

universal exergy efficiency and functional exergy efficiency, taking into account the variable 

reference temperature in the range from –30°C to +10°C. The main conclusions of this study are:

1. When performing exergy analysis of HVAC systems variable reference temperature should 

be used. This approach allows obtaining detailed data on the efficiency of the system 

components and its variation depending on the variable environment temperature. 

Thermodynamic parameters, including universal and functional exergy efficiency and exergy 

destruction values, clearly show which AHU system is more efficient at different environment 

temperatures. This information allows further development of calculation algorithms for 

determining the seasonal performance of HVAC systems. 

2. The effectiveness of HRE has the most prominent effect on the COP, the universal and 

functional exergy efficiencies. Special care should be taken when selecting suitable HRE for 

AHU and the variation of the reference temperature should be taken into account. 

3. The COP of AHU, which is equipped with HP only (AHU3), is lower than that of AHU with 

WAH and HRE (AHU2), and is significantly lower compared with AHU which has HP and 

HRE (AHU4). The AHU with HP only has the lowest universal and functional exergy 

efficiencies. Such system should only be used in the cases where the thermodynamic efficiency 

is not a priority and the compactness of the AHU is important.

4. For AHUs the difference between the values of universal and functional exergy efficiencies 

is small. The functional exergy efficiency is more informative compared to the universal exergy 

efficiency, although the difference between these parameters is less noticeable for AHUs with 

HP. Also, the functional exergy efficiency is more sensitive to the variation of the thermal 

effectiveness of HRE.
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5. The use of constant speed (power) fans in AHU is one of the factors that affect the COP or 

the exergy efficiency at variable environment (reference) temperature.   

6. For AHU with HP, HRE and with advanced control method, the variation of the universal 

and functional exergy efficiency is less susceptible to the variation of the reference temperature. 

Therefore, such AHU is more advantageous compared to other AHUs. 
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Nomenclature 

Abbreviations

AHU Air handling unit

CM Compressor 

CN Condenser

COP Coefficient of performance

EV Evaporator

Fe Exhaust fan

Fs Supply fan

HP Heat pump

HRE Heat recovery exchanger

HVAC Heating, Ventilation, and Air Conditioning

TV Throttle valve

WAH Water-to-air heat exchanger

Variables

cp specific heat capacity, kJ/kg K

e specific exergy, kJ/kg

specific external exergy crossing system boundaries, kJ/kge

exergy flow rate, kWE

h specific enthalpy, kJ/kg

k specific coenthalpy, kJ/kg

l specific destroyed exergy, kJ/kg

mass flow rate, kg/s𝑀 
s specific entropy, kJ/kg K

T temperature, ºC
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q specific thermal energy, kJ/kg

heat transfer flow rate, kWQ

effectiveness of heat recovery exchanger, dimensionlessT

functional exergy efficiency, dimensionlessF

universal exergy efficiency, dimensionlessU

Subscripts

a air

AHU air handling unit

c state of cold air 

CM compressor

CN condenser

consum consumed

e state of outside air (reference environment)

E state of exhaust air temperature after AHU

EV evaporator

Fe exhaust fan

Fs supply fan

h state of hot air after the exhaust fan (Figure 3)

HRE heat recovery exchanger

i state of fluid

in incoming

K state of air after condenser or other air heater (Figure 3) 

out outgoing

prod produced

R Room

refr refrigerant

V ventilation

w state of warm air after heat recovery exchanger (Figure 3)

W water

WAH Water-to-air heat exchanger

Win water inlet

Wout water outlet

1, 2, 3, 4, 5 heat pump cycle states
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Superscripts

+ to the system (supplied to the system)

– out of the system (leaving the system)
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Table 1. Universal and functional exergy efficiencies (see Figure 2).

Universal exergy efficiency Functional exergy efficiency
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Table 2. Universal and functional exergy efficiencies for AHU (see Figure 1).

Universal exergy efficiency Functional exergy efficiency
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Table 3. Data used in calculations.

Parameter Value

Air flow rate 560 m3/h

Power input for fans (supply and exhaust), 2 × 77 W

Room air temperature 22ºC

Environment (reference) temperature range Te = -30…10ºC

Effectiveness of HRE, , for AHU 2 and 4T 60, 70 or 80 %

Isentropic efficiency of the compressor of the HP 0.80

Power consumption efficiency of the fan 0.82




