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A B S T R A C T   

Strong ventilation increments are currently suggested for containing the airborne diffusion of COVID-19 in in-
door environments. However, it can involve an unacceptable growing of energy consumption. Therefore, 
maximum care must be addressed to improve efficiency of ventilation heat recovery (VHR). For this purpose, this 
paper investigates the opportunity of a technical solution. Consisting in adding downstream of the most diffuse 
heat recuperator, a heat pump using exhaust air as a cold source. An autonomous high efficiency air handling 
unit (HEAHU) was modelled for a school application. By simulation a performance comparison was carried on 
with two alternative systems based only on an exhaust air heat pump (EAHP) or on a heat recuperator for 
different weather conditions. Results indicated that the milder climate strongly penalizes heat recuperator and 
this fact deeply influences the conclusions. HEAHU saving compared to energy consumption of only heat 
recuperator is between 31% and 46%. For EAHP this saving varies from 2.5% to 48%. Only with a milder 
climate, EAHP presents a lightly greater saving than HEAHU. Heat pump technology looks to be very performing 
to foster the efficiency of VHR, especially in presence of high ventilation rates.   

1. Introduction 

On the basis of current scientific evidence, as for other viral diseases 
international health authorities indicate multiple transmission routes for 
COVID-19 and mostly airborne transmission by droplets, direct contact 
with an infected person or contact with a surface previously contami-
nated by infected people or by deposition of viral particles [1]. 

Indoor airborne transmission between occupants takes place mainly 
from the emission of infectious droplets from an infected person, their 
spread in the indoor environment and their inhalation by susceptible 
individuals [2–4]. Current studies show that droplets from human 
respiration activities are mostly less than 10 μm in diameter [5–11]. The 
majority of these droplets evaporates and it is quickly reduced to half of 
their initial size [3]. Consequently, they are called droplet nuclei or 
aerosols when their diameter is less than 5 μm [12]. 

In indoor environments virus-laden aerosols may easily accumulate 
and consequently airborne diffusion mechanism of COVID-19 is a topic 
of high interest [13,14]. In addition, many viruses are characterized by a 
long lifetime in aerosols [15–17] and by the capacity to penetrate into 
the lower respiratory system [15,18–20]. Evidence is growing that in 
addition to contact and droplet spread, the virus transmission via 

aerosols is an important contagion mechanism in indoor environments 
with poor ventilation and long exposure time to high viral concentra-
tions [21]. Many outbreaks in crowded indoor environments such as 
offices, restaurants, schools, religious gatherings, commercial facilities, 
cruise ships indicate that airborne virus transmission is particularly 
efficient in these types of confined space [22]. On the other hand, for 
long ago research findings have highlighted that poor ventilation con-
tributes to the spread of other similar airborne diseases [23–26]. 
Airborne transmission can be reduced by indoor air change increment 
[23,27]. In fact the outdoor air introduction in indoor environments by 
natural or mechanical way gives an important contribution in removing 
exhaled virus-laden air, thus lowering the viral concentration and in this 
way the subsequent dose inhaled by susceptible occupants [14]. 
Therefore, the recently updated guidelines recommend a significant 
increase in the amount of fresh air supplied to spaces [28,29]. To 
quantify the effect of air changes per hour (ACH) on contagion risk in 
indoor environment, the well-recognized Wells-Riley model can be used 
[30,31]. The outcomes indicate a close correlation between ventilation 
increase and contagion risk decrease [32] with a fall in value of the 
infection probability with ACH above 10 h− 1 [33]. However, many 
scientific uncertainties are still present about contagion dynamics. For 
this reason specific standards about precise ACH values required in 
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pandemic conditions have not been introduced yet. Meanwhile, new 
researches must be performed to solve the technical, energy and eco-
nomic problems related to a remarkable ACH increase in order to 
improve its feasibility both in existing and new ventilation systems. 

In the school environment, the exigency of adequate ventilation is of 
great concern already under no pandemic conditions. In fact, school 
environments are characterized by elevate occupancy density in com-
parison with residential buildings and many offices or commercial fa-
cilities. Despite that students spend a significant time in classrooms, the 
ventilation rate is often insufficient [34–36]. In particular in naturally 
ventilated classrooms an adequate ventilation air flow rate is difficult to 
achieve, because it depends on specific local conditions like sizes and 
position of openings, weather conditions and airing management. In fact 
often human behavior dictated by indoor comfort or safety requirements 
may cause openings remain closed, in particular when outdoor weather 
is too hot or cold. For this reason mechanical ventilation systems are 
recommended for classrooms and this necessity is going to be 
strengthened by the exigency to contrast current and future outbreaks. 

An important question concerns the modification of the existing 
mechanical ventilation systems which were being designed for no 
pandemic condition. The requirement of the large amount of outdoor air 
to be supplied during outbreaks can be difficult to meet without sig-
nificant transformations. In fact mechanical ventilation is often imple-
mented in the heating, ventilation and air conditioning (HVAC) systems 
which also provide heating and air conditioning in the buildings. New 
additional design criteria are needed by HVAC engineers to contrast 
virus airborne diffusion. For this reason, international HVAC guidelines 
have quickly been updated to address this new exigency [37,38]. Future 
HVAC systems will have to be designed to supply large ventilation rates 
during pandemic periods, but they will be able to operate economically 
with strongly reduced outdoor air flows under no pandemic conditions 
thanks to the implementation of demand controlled ventilation (DCV). 
This control technique fits the actual flow rate needs in order to use the 
minimum amount of energy necessary to grant comfort and, especially 
in this case, health conditions. Its application in presence of large flow 
rate modifications causing by high occupancy variability, has already 
widely demonstrated the ability to provide strong energy savings 
[39–42]. Therefore, it can be profitably used also to manage HVAC 
systems in the change from pandemic to no pandemic condition. 

However, a strong increase in ventilation rates can also involve an 
unacceptable increment of energy consumption and consequently of 
energy cost and CO2 gas emission in atmosphere. Therefore, great effort 

must be dedicated to increase energy efficiency of ventilation heat re-
covery (VHR). 

This study deals with the improvement of energy recovery in venti-
lation to be achieved by systems expressly designed to operate also in 
pandemic condition and evaluated for specific contexts. In this analysis, 
the context concerns with the school environment, which is a strategic 
context, especially in this pandemic condition, with the proposal of an 
autonomous air handling unit (AHU) to be installed in a single class-
room. This solution can be applied also in retrofit actions to reduce viral 
risk in the existing naturally ventilated classrooms which are the ma-
jority in Southern Europe. 

In this analysis, a maximization of the heat recovery from exhaust air 
is pursued by the introduction of a heat pump downstream of the heat 
recuperator in order to obtain a further recovery from exhaust air by its 
use as cold source of the heat pump. Heat pump using outside air as cold 
source can be heavy penalized in some winter periods as a low air 
temperature at the evaporator reduces its efficiency. Instead, the defects 
of the outside air are not attributable to exhaust air which presents a 
more favorable and less variable thermal level. This fact indicates the 
opportunity to consider its use as cold source for the heat pump in VHR 
systems. The coupling of an exhaust air heat pump with a heat recu-
perator is a technical solution indeed rarely used except in some cases 
like indoor swimming pools [43,44]. In this case, owing to the low ab-
solute humidity of outdoor air in winter, high outdoor air flow rates are 
used to control indoor relative humidity in presence of the evaporation 
of the pool. Consequently, the exhaust air flow rate is at the top. In all 
the other HVAC system, the heat recuperator is normally more wide-
spread, because simpler and cheaper. But now the risk of a drastic 
increment of the energy consumption in the case of the adoption of the 
new ventilation requirements, imposes the need to study a generalized 
improvement of VHR system efficiency. This necessity suggests inves-
tigating the use of the considered solution also in other applications. In 
fact, thanks to a greater energy efficiency of the recovery from the 
exhaust air, HEAHU can be able to provide a remarkable increase of 
saved energy amount as consequence of the strong air flow rates. 
However, this conclusion is not obvious. The effective energy superiority 
must be verified depending on the application context and the climate 
[45,46]. This is the object of this study which compares three different 
VHR systems in a school environment and for different climates. 

Virus transmission via heat recovery devices is not an issue when 
there is a net physical air separation between the return and supply side. 
Among the various recovery systems of this kind, counter-flow 

Nomenclature 

Symbols 
ACH Air changes per hour (h− 1) 
AHU air handling unit 
CF capacity factor Pfl/Pnom (-) 
CR capacity ratio (-) 
COP coefficient of performance (-) 
Dp air pressure loss (Pa) 
Ep primary energy (kWh) 
EAHP exhaust air heat pump 
HEAHU high efficiency air handling unit 
HVAC heating ventilation and air conditioning 
h specific enthalpy (kJ/kg) 
IAQ indoor air quality 
ṁ air mass flow rate (kg/s) 
P actual capacity of the heat pump (kW) 
Pfl full load heat pump capacity (kW) 
Pnom nominal heat pump capacity (kW) 
PER primary energy ratio (-) 

PLF part load factor (-) 
Pfan fan electric absorption (kW) 
Pboiler thermal power from boiler (kW) 
Prec recovered thermal power (kW) 
OHR only heat recuperator 
RH relative humidity (%) 
t air temperature (◦C) 
V̇ air volumetric flow rate (m3/s) 
VHR ventilation heat recovery 
X absolute humidity (g/kg) 
ηt thermal efficiency of the recuperator (-) 
ηf fan efficiency (-) 

Subscripts 
i indoor 
o outdoor 
exro expulsion air at recuperator outlet 
fl full load 
net without fan 
el Electric  
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recuperator was considered here as representative. Instead, rotary heat 
exchangers can have significant leakage from the exhaust air side to the 
supply air side in case of poor design, bad installation or maintenance 
[47]. Therefore, in the event of installation of heat exchanger wheels, 
frequent periodic inspections are absolutely necessary to avoid the risk 
of internal leakages [37]. Also for this reason they were not considered 
here, even if rotary wheels with desiccant material coating permit a 
moisture recirculation able to reduce latent load. 

The proposed technical solution was applied to an autonomous high 
efficiency air handling unit (HEAHU) for the installation in existing 
naturally ventilated or new classrooms when centralized ventilation 
recovery systems are not possible or convenient. A simulation model was 
elaborated to assess the energy performance of HEAHU and to compare 
its convenience with a recovery system with only an exhaust air heat 
pump (EAHP) [48–50] or with only heat recuperator (OHR). These 
evaluations were carried on by considering the case study of a typical 
high school classroom in Italy. To investigate the influence of the 
climate, the simulations were extended to winter season for three cities: 
Milan, Rome and Palermo, well distributed in Italy and therefore 
considered representative of weather conditions in Southern Europe. 
The study analyses a wide range of specific ventilation air flow rate per 
person: from a minimum value to ensure acceptable indoor air quality 
(IAQ) in the classroom up to four times this value. In the current absence 
of precise ACH values required to control indoor airborne contagion, the 
goal is to validate the results for a large spectrum of possible ACH re-
quirements that could be indicated by health authorities on the basis of 
actual and future scientific findings. In synthesis the objectives of this 
work consist in: i) the development of an autonomous unit suitable to 
operate in a school environment even in pandemic conditions, ii) the 
elaboration of a specific model able to permit the hourly simulation of 
the unit extended to the heating season, iii) the energy performance 
comparison of three possible technical alternatives in different climatic 
conditions. 

2. Materials and methods 

2.1. Case study 

The study analyzes the possibility to install a mechanical ventilation 
system in an existing classroom naturally ventilated in origin, which is a 
very widespread reality in Southern Europe. A typical classroom of a 
high school was considered with a standard occupancy of 25 students 
plus the teacher. Its dimensions are reported in table 1. Lesson schedule 
is typical for high schools in Italy. Classrooms are open from Monday to 
Friday and used from 8AM to 1.30PM. Mechanical ventilation only 
works in these time intervals. Holiday periods were considered. As 
regards the ventilation flow rate, current standards consider different 
ventilation categories on the basis of different amounts of supply air per 
person, [51,52]. Standards also recommend additional clean air to 
remove pollution emitted by building materials. In detail the supply 
ventilation rate is the sum of the air volume required for each occupant 
defined in four categories (Cat I − 10 l/s/pers, Cat II − 7 l/s/pers, Cat III 
− 4 l/s/pers, Cat IV − 2.5 l/s/pers) plus additional air flow rate (l/s/m2 

of floor area) for building materials pollution removal obtained 
considering three different possible emission levels of the building. For 
the intermediate level (low polluting buildings) this additional air flow 
rate assumes one of the values: 1.0, 0.7, 0.4, 0.3 l/s m2 going from Cat. I 
to Cat. IV, respectively. 

However, to generalize the outcomes, in this study the new venti-
lation rates are based only on the occupancy with a minimum value of 8 
l/s/pers (29 m3/h) able to ensure a medium IAQ as indicated by the 
previous standards. In presence of viral emergency, it was assumed that 
this value would grow up to four times (32 l/s/pers). But to investigate 
the behavior of VHR systems along this wide range, two intermediate air 
flow rates (16 and 24 l/s/pers) were also considered in the simulation. 
For the analysed case study, it means an air flow rate range between 749 
and 2995 m3/h and ACH between 4.6 and 18.3 h− 1. In Italy school 
period is from September to June and only heating systems are normally 
foreseen in high schools. Therefore, the investigations were limited to 
the heating season. Data about the heating season of each considered 
location are in table 1. Performance simulations extended to the heating 
season were carried on by utilizing weather files from[53]. The sizing of 
the components of the investigated systems was obtained on the basis of 
the design temperatures. In particular the required capacity of each heat 
pump eventually present was calculated for each ventilation rate at the 
design climatic condition reported in table 1 for each city. On the basis 
of the performance data from the manufacturer, as usual, this capacity 
allows the designer to individuate the size and consequently the nominal 
capacity of the heat pump. For an air source heat pump this nominal 
capacity normally refers to an outdoor temperature of 7 ◦C and relative 
humidity (RH) 90%. 

Indoor design condition is 20 ◦C and RH equal to 50%. As we assume 
a heating system (usually radiators) already existing in the classroom, a 
neutral temperature of 20 ◦C is foreseen for the fresh air supply. In this 
case RH equal to 50% corresponds to an absolute humidity of 7.4 g/kg. 
But owing to the presence of 26 persons in the classroom, there is an 
indoor latent gain here considered of 60 W/person (sedentary activity) 
which corresponds to an indoor emission of 2.25 kg/h of vapor. 
Therefore, the air introduced can present a lower absolute humidity to 
maintain RH at 50%. With 8 l/s/pers the reduction is about 2.5 g/kg and 
therefore immission air absolute humidity is equal to 4.9 g/kg. This fact 
has an influence on the calculation of the latent quota of the ventilation 
load consequent the necessary humidification treatment of the intake air 
during the heating season. Of course a doubling of the ventilation flow 
rate (16 l/s/pers) corresponds to a halving of the absolute humidity 
reduction and so on with the increasing of ventilation rate. 

2.2. The three recovery systems 

In modern HVAC systems, centralized mechanical ventilation units 
normally include heat recovery from exhaust air. The intervention on 
new or existing centralized AHUs in order to increase ventilation rate 
can be accompanied by a fostering of the heat recovery by the addition 
of an air-to-water heat pump downstream the recuperator. This solution 
presents high flexibility. Hot water from condenser can be used to meet 
different demands, from space heating to domestic hot water produc-
tion. But the solution of new centralized ventilation systems is often 
unfeasible for technical or economic obstacles. Also the energy con-
sumption analysis can indicate a different solution. 

In fact, ventilation heat recovery systems may be centralized, semi- 
centralized or decentralized. This choice influences the energy perfor-
mance [54] and sometimes decentralized AHUs can give the best energy 
performance. In [55] savings in fan energy consumption of 40 and 80% 
were calculated for the semi-centralized and decentralized units, 
respectively, if compared to the centralized ones. Furthermore, disad-
vantages about the centralized system might be fostered by the growing 
air flow rate in pandemic conditions owing to higher initial costs asso-
ciated with more voluminous ducting systems as well as greater fan 
management cost. In this paper the alternative of an autonomous AHU 

Table 1 
Characteristics of the classroom and climatic data of the three localities.  

Classroom Location Milan Rome Palermo 

Surface 
(m2) 

51 Latitude 45.5◦ 41.9◦ 38.1◦

Height (m) 3.2 Degree days 2404 1415 751 
Volume 

(m3) 
163.2 Design 

temperature 
− 5◦C 0 ◦C +5◦C 

Students +
teacher 

26 Heating start 15th 
October 

1st 
November 

1st 
December 

Density 
(pers/m2) 

0.51 Heating end 15th 
April 

15th April 31st March  
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for each classroom was considered. Fig. 1a shows the scheme of the 
proposed HEAHU where an air-to-air heat pump is coupled with a cross 
flow countercurrent air-to-air heat exchanger. Similar units are already 
present on the market [56], but in this case, the further adding of a 
humidifier must be foreseen, certainly necessary in the heating period 
owing to the strong increase of the outside air flow rate. In fact scientific 
literature indicates as low RH facilitates infection diffusion [57]. In 
particular RH below 40% impairs mucus membrane barriers and other 
levels of the immune system protection [58]. In addition, many viruses 
are anhydrous resistant and have increased vitality in low RH conditions 
[59]. In the analyzed climates, the preheating of the inlet air by the 
recuperator normally permits an adequate humidification with a typical 

saturation efficiency of the humidifier equal to 80%. For the installation 
in colder weather conditions, to achieve the required RH can be neces-
sary to foster humidification in the unit or directly in the classroom. 
Another solution is to split the condenser in two units and to insert the 
humidification device between them to increase preheating before the 
humidification in order to always achieve the indoor design RH equal to 
50%. This option is not considered in this HEAHU. Instead, this solution 
was adopted in the second recovery system (Fig. 1b) which consists only 
in an air-to-air heat pump using in this case directly return air as a cold 
source (EAHP). The third recovery system (Fig. 1c) presents only the 
heat recuperator with the same characteristics of that one of HEAHU 
(OHR system). In this case a post heating coil supplied by hot water 

Fig.1. Schemes of the three recovery systems analyzed in the paper.  
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produced by a boiler is foreseen downstream of the humidifier. In 
presence of a heat recuperator a bypass controlled by a motorized 
damper is installed for two reasons. The first reason it is the possibility 
that the outside air bypasses the heat recuperator when convenient (free 
heating). The second reason is the possibility to modulate the actual 
outdoor air flow rate at the inlet of the recuperator by diverting part of it 
through the bypass damper. In this way, the recovery effect is reduced 
and the temperature of the exhaust air at the outlet of the recuperator is 
higher. When the outside temperature is colder, it is so possible to avoid 
ice formation on the recuperator and the following evaporator. The 
diverting flow control is based on a minimum value of exhaust air 
temperature at the recuperator outlet where a temperature sensor is 
foreseen. This set point is fixed at + 3 ◦C for HEAHU to have no ice in the 
recuperator and negligible defrosting requirement for the heat pump. 
For the OHR system a set point temperature of + 1 ◦C is sufficient to 
avoid ice in the recuperator. Of course for EAHP there is no defrosting 
problem at the evaporator. Especially in colder climates frost formation 
is a critical factor which can affect the performance of ventilation units 
with counter-flow heat exchangers [60,61]. Therefore, the risk of 
frosting at harsher weather conditions must always be avoided and there 
are various techniques to address the issue of frost formation [61–63]. In 
order to prevent air infiltration from the outside, in VHR systems supply 
and exhaust air flow rates are normally somewhat unbalanced. But in 
this study, assuming a possible epidemic event, they are considered 
equal because even a modest superiority of supply air flow rate could 
cause a transfer of infected air from the classroom to the access corridor 
and other rooms. 

Some fundamental characteristics of the three systems assumed in 
this analysis are reported in table 2. They are derived from typical values 
normally used in the design of commercial AHUs [64–66]. In particular 
to obtain a generalizable 

comparison , pressure increase to win pressure losses outside the 
devices was not considered here, because it can be very variable for the 
same system on the basis of the installation site characteristics and in-
dependent of the internal performances of the unit. In the case of 
HEAHU, the internal pressure loss Dp considered in the calculations 
(eq.14) takes into account the air pressure losses in the heat recuperator 
on the two sides and in the two coils (condenser and evaporator). For 
EAHP Dp considers only three coils (two condensers and evaporator). 
Heat recuperator and hot water coil for the OHR system. Recuperator 
thermal efficiency (eq.5) is defined according to EN 308 [67]. Fan ef-
ficiency h includes motor plus belt performance. 

2.3. HEAHU modeling 

For the HEAHU modeling, a quasi-steady state calculation procedure 
based on a spreadsheet style model was used which operates on each 
hourly time step. At each time-step, this simulation procedure permits to 
assess the hourly mean values of the desired quantities on the basis of 
the mean averages of the input values required by the algorithms which 
describes the phenomenon studied. This approach is widely used by 
many well-known dynamic simulation codes as for example TRNSYS 
[68] and EnergyPlus [69] to evaluate the performance of HVAC systems 
and components in the long term (seasonal, annual) hourly simulation of 
the building-plant system. The flow chart of HEAHU model is shown in 
Fig. 2. The starting point is the calculation of the total ventilation load 
Pload required to take the supply air from the actual outdoor thermo- 
hygrometric condition to the input level necessary to ensure design 

indoor condition. Since we are in the heating season, if the outside air 
temperature is greater than the design indoor temperature the system is 
bypassed by the motorized damper (free heating). In addition, if outdoor 
absolute humidity is greater than the required absolute humidity of 
supply air, no humidity treatment is foreseen. 

In the other conditions the air handling unit takes the outdoor air to 
internal design temperature (20 ◦C) and to the inlet absolute humidity 
required to ensure an indoor RH equal to 50%. It means that inlet ab-
solute humidity varies on the basis of air flow rate and of internal latent 
sources due to the attendees. In the end, the Pload can be calculated at 
every time-step on the basis of the inlet/outlet enthalpy gap of the 
supply air in the unit and of the supply mass air flow rate ṁsupply: 

Pload = ṁsupply(himm − ho) (1) 

The calculation of the energy performance of the HEAHU is obtained 
in three following steps here reported. 

First the evaluation of the heat recovery by the use of recuperator 
thermal efficiency ηt as defined in EN 308 [67,70] and reported in eq. (2) 
which permits to calculate the temperature texro of the expulsion air at 
the recuperator outlet on the basis of the indoor air temperature ti and 
outside air temperature to 

ηt =
texor − to

ti − to
(2)  

texro = ti − ηt(ti − to) (3) 

If temperature texro is higher than the dew point temperature, it 
means there is no condensation in the exhaust air and its absolute hu-
midity is the same of the return air. Instead, if this outlet temperature is 
lower than dew point, there is condensation and RH is 100%. In both the 
cases, psychrometric calculations (eq. (4) to eq. (6)) provide the en-
thalpies of the exhaust air at the inlet/outlet of the recuperator as 
functions of temperature and relative or absolute humidity. The 
fundamental algorithms of psychrometrics are here used [71,72]. 
Consequently, the total heat recovery Prec is calculated by this enthalpy 
gap multiplied by the mass flow rate ṁex of the exhaust air (eq. (7)). 

Iftexro ≤ tdp = f(ti,Xi)thenhexro = f(texro,RH = 100%) (4)  

Iftexro > tdp = f(ti,Xi)thenhexro = f(texro,Xi) (5)  

hi = f(ti,RHi) (6)  

Prec = ṁex(hi − hexro) (7) 

The percentage quota ε of the total ventilation load provides by the 
recuperator can be expressed in terms of eq. (8): 

ε = 100
Prec

Pload
(8) 

The second step is the calculation of the heat pump circuit perfor-
mance. The actual heat pump capacity P must be equal to the load quota 
not covered by the heat recovery Prec: 

P = Pload − Prec (9) 

Before proceeding with the hourly simulation, it is necessary to size 
the heat pump in each case study i.e. to calculate its nominal capacity. 
The required design capacity P is obtained by the previous equations 
applied in design conditions of outdoor RH (90%) and temperature for 
each city. Data from manufacturer [64] provides the corresponding 
nominal rating capacity Pflnom at 7 ◦C and RH 90%. In this way, full load 
performance in terms of efficiency and capacity rating can be obtained 
from Fig. 3a for different air temperatures at the evaporator inlet and for 
a fixed temperature of 20 ◦C for the air leaving the condenser. In fact 
heat pump performances are deeply influenced by the thermal levels at 
evaporator and condenser. For an air to air heat pump they depend on 
the air temperature at evaporator inlet and air outlet temperature at the 

Table 2 
Fundamental characteristics of the three systems.   

HEAHU EAHP OHR 

Internal pressure loss Dp (Pa) 705 210 665 
Recuperator thermal efficiency 0.8 – 0.8 
Fan efficiency 0.6  
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condenser. In this case the air outlet temperature is fixed at 20 ◦C and 
therefore in Fig. 3a the performance curves at full capacity are expressed 
as a function of only air temperature at evaporator inlet. The figure 
refers to the working fluid R410a. The capacity rating is referred to the 
nominal rating capacity Pflnom by a capacity factor CF introduced as the 
ratio between Pfl and Pflnom. It represents the variability of actual full 
capacity Pfl, referred to the nominal capacity Pflnom, as a function of air 
temperature at evaporator inlet. CF can be obtained from Fig. 3a. In this 

way the model can use data from Fig. 3a for the units with different 
capacity considered in this study. Consequently the actual full capacity 
of the heat pump Pfl for different air temperature at evaporator is 
calculated by CF (eq.10). 

Pfl = PflnomCF (10) 

Owing to the presence of the recuperator, we have a strong incre-
ment of the fan electric absorption of this unit with respect to normal 

Fig. 2. Flow chart of HEAHU model[67,70].  

Fig. 3. Capacity factor CF and COPnetfl as a function of air temperature at evaporator inlet (a) and correction factor PLF as a function of capacity ratio CR (b).  
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heat pumps. For this reason, here COPnetfl is the efficiency of the only 
heat pump circuit without considering fan electric absorption i.e. it is 
the ratio between heating capacity and only compressor electric ab-
sorption. These data come from the manufacturer and they were ob-
tained as required by standard test methods [73]. In the considered heat 
pump there is only one refrigerant circuit with a single scroll 
compressor. The actual capacity equal to the load to be met is obtained 
by a compressor speed modulating control by an inverter device. In 
order to take into account the effect of part load working condition, a 
correction factor PLF is introduced for the efficiency at full load capacity 
COPnetfl [74]. This approach is validated by international regulations 
[74] and used in research activity about the performance assessment of 
heat pumps in real working conditions [75–77]. Its trend is reported in 
Fig. 3b as a function of the capacity ratio CR which is the ratio of the 
actual capacity on the full capacity that the machine is able to provide at 
the same level of operating temperatures: 

CR = P/Pfl (11) 

The PLF curve interpolates data obtained by laboratory tests [78]. 
PLF is greater than one in a wide range of CR. This result is mainly due to 
the over-sizing of evaporator and condenser in part load operation 
rather than in full load. 

The actual COPnet is obtained by multiplying the COPnetfl from 
Fig. 3a by the PLF obtained from Fig. 3b: 

COPnet = COPnetflPLF (12) 

The electric consumption of the compressor results from the ratio of 
the output capacity P on the simultaneous COPnet: 

Pelnet = P/COPnet (13) 

In the third step the electric consumption of the fans Pfan is calculated 
as: 

Pfan =
V̇Dp
ηf103 (14) 

where rate V̇ is the volumetric flow rate, Dp is the total pressure 
increase of the fans which is reported in table 2 for each system studied. 
Fan efficiency ηf is equal to 0.6. The total heating capacity provided by 
the unit is equal to the load Pload and it is the sum of the recovered heat 
Prec and the capacity P of the heat pump. The corresponding total 
electric absorption is the sum of fan consumption Pfan and compressor 
input power Pelnet. For a correct comparison with the OHR system, the 
total energy efficiency was expressed in terms of primary energy ratio 
PER i.e. the ratio between supplied total heating capacity and the cor-
responding primary energy consumption. The official Italian value of 
2.42 [79] was used to transform the electrical energy need of the device 
into the corresponding primary energy: 

PER =
Pload(

Pfan + Pelnet
)
2.42

(15) 

The seasonal PER is the ratio of the seasonal heating energy provided 
and the total primary energy absorption in the same period. 

2.4. Modeling of EAHP and the OHR system 

In both the cases the models are a simplification of the previous one. 
In the case of EAHP, the recuperator is not installed and therefore the 
return air from the classroom is sent directly to the inlet of the evapo-
rator. The whole ventilation load is provided by the heat pump. The total 
pressure loss is reduced as shown in table 2. 

For the OHR system, the total energy consumption consists in the 
electric absorption of the fan and in the required Pboiler provided by the 
heating coil supplied with hot water. In this second case the primary 
energy need is calculated in terms of primary energy Ep of the natural 
gas consumed by a typical condensing boiler to produce the heat 

necessary for post heating. A seasonal condensing gas boiler efficiency 
was assumed equal to 0.98 from national standard [80]. Owing to the 
extreme variability of possible hydraulic circuit options and distances 
from the boiler, the pumping electric consumption to supply the heating 
coil was not considered in this analysis. Of course, there is the awareness 
that its amount can clearly affect the final energy performance of the 
OHR system. This fact was considered in the discussion of the results. 
The PER is calculated in this case as: 

PER =
Pload

(

Pfan2.42 + Pboiler
0.98

) (16) 

The new total internal air pressure loss is reported in table 2. 

3. Results and discussion 

In Fig. 4a monthly and seasonal total ventilation loads are reported 
for the various cases, while Fig. 4b shows their corresponding percent-
age latent quotas. It is remarkable the strong difference of the ventilation 
load in the three cities and its extreme variability at monthly levels 
which permits to investigate the behavior of the analysed systems in a 
wide range of conditions. It is evident the influence of indoor latent 
gains which reduces the necessity of humidification of the input air and 
so of the latent quota when the ventilation rate is 8 l/s/pers. Growing the 
ventilation rate, the effect of the indoor latent contribution becomes 
negligible. In these conditions, the high percentage latent quotas high-
light the importance of the humidification requirement. Furthermore, 
noteworthy is the comparison of these latent quotas in the various cases. 
At seasonal level, the humidification load quota is greater first in 
Palermo and then in Milan rather than in Rome. Instead, at monthly 
level, this comparison provides variable answers. Therefore, stronger 
latent load quotas are not necessarily related to colder climates. 

Fig. 5 shows monthly and seasonal average percentage quotas ε, 
COPnet and PER with HEAHU in the various cases. The variability of the 
percentage quota ε highlights the importance of the meteorological 
conditions on the recuperator performance. 

This is evident both at monthly and seasonal level. A greater indoor/ 
outdoor temperature gap increases heat recovery amount by recuper-
ator. Furthermore, colder climate involves more frequent latent heat 
recovery from the cooling below dew point temperature of the exhaust 
air in the recuperator. Indoor latent gain reduces the total ventilation 
load and consequently it clearly improves the percentage quota ε with 8 
l/s/pers intake air flow. But this advantage is decreasing with the 
growing of the air supply. At seasonal level, in Milan quota ε varies from 
82% to 69%, in Rome from 77% to 65%, from 71% to 53% in Palermo. 
The COPnet of the refrigerator circuit depends on the inlet evaporator 
temperature and part load working effect. The first parameter is strictly 
connected to the recuperator performance, because it coincides with the 
exhaust air temperature at recuperator outlet. Thanks to the capacity 
control by inverter, part load increases COPnet in a wide range of the 
capacity ratio CR, instead it strongly penalizes COPnet in the event of CR 
below 0.2. The combined effect of these two parameters provides an 
average COPnet without great oscillations in each locality. PER is 
strongly influenced by fan electric energy consumption which is con-
stant for each ventilation rate independently by recuperator and heat 
pump working conditions. Only with the best percentage quotas ε at 
monthly level, especially in Milan, a relevant PER increase is evident. 

In Fig. 6 monthly and seasonal average COPnet and PERs with EAHP 
are reported. In this case return air from inside is directly submitted to 
the evaporator and therefore the air temperature at the evaporator inlet 
is 20 ◦C. A so favourable thermal condition causes a strong increment of 
COPnet, but the performances remain influenced by the different climatic 
conditions also in this case of EAHP with constant thermohygrometrical 
characteristics of the exhaust air at evaporator inlet. In fact the actual 
capacity provided by EAHP is a consequence of the total load and 
relative percentage latent quota determined by climate. Therefore, the 
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trend of the average COPnet is influenced by the part load working in 
different modes in the various months and localities. The presence of a 
constant electric absorption of the fans in front of an extreme variability 
of the actual capacity supplied by the heat pump clearly affects average 
PERs which present a different trend as a function of the ventilation rate 
with respect to the corresponding trend of average COPnet. 

Fig. 7 reports monthly and seasonal average percentage load quotas ε 
and PERs with the OHR system. As inlet/outlet conditions are practically 
identical, the trends of the quotas ε are the same of HEAHU. But in this 
case the remaining part of the ventilation load must be supplied by the 
condensing boiler. It involves a substantial decreasing of PER with a 
trend following the reduction of recuperator heat recovery. 

The seasonal simulations highlighted that frost control intervenes 
only in Milan climatic condition. In the case of HEAHU (set point + 3 ◦C) 

the total intervention hours are 59 and 19 with only recuperator system 
(set point + 1 ◦C). 

However, in these hours, the fresh air supply quota deviated through 
the bypass damper is usually modest. To investigate the effects of frost 
control on energy performance, scenarios with or without (set point 
− 10 ◦C) frost control intervention were compared. The penalization of 
seasonal PER is always not greater than 3.9% for HEAHU and 1.6% for 
the OHR system. Of course in Nordic climates the result can be quite 
different. 

Fig. 8 presents a comparison of the seasonal performances of the 
three recovery systems. The net superiority of HEAHU PERs in Milan is 
quickly decreasing owing to the strong reduction of recuperator per-
formance in milder climates in front of a significant fan electric ab-
sorption constant for each ventilation rate. For this reason, EAHP PERs 

Fig. 4. Monthly and seasonal ventilation loads a) and relative percentage latent quotas b) for the four air flow rates in the three localities.  

Fig. 5. Monthly and seasonal average percentage quotas ε, COPnet and PER with HEAHU.  

Fig. 6. Monthly and seasonal average COPnet and PER with EAHP.  
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become slightly better than HEAHU PERs in Palermo. Even with the 
same climate, the OHR PERs decrease with the growth of air flow rate. 
This is due to the rise of the percentage latent quota of the total load as 
already observed in fig-4b. In fact consequently, the seasonal load, not 
covered by recovery and therefore provided by the boiler, is also 
increasing. To better clarify this fact, it is useful to consider a specific 
load here defined as the ratio between the load and the flow rate per 
person, For example, in Milan the specific total seasonal load goes from 
348.8 to 411.2 kWh/(l/s/pers) when the flow rate changes from 8 l/s/ 
pers to 32 l/s/pers. Of course, instead, the specific thermal recovery, 290 
KWh/(l/s/pers), and the specific electrical consumption of the fans, 21.9 
kWh/(l/s/pers), remain constant. Under these conditions the specific 
quota of heat to be supplied by the boiler increases from 58.8 to 121.1 
kWh/(l/s/pers) reducing the seasonal PER. This reduction does not 
occur with EAHP and therefore it is smaller with HEAHU. In fact, in both 
cases the heat pump provides heat with PERs much higher than that one 
of the boiler which is 0.98 i.e. equal to its seasonal average thermal 
efficiency here assumed. 

As the OHR system always presents the worst performance, it was 
used as a reference system to calculate the advantages permitted by the 

other two alternative systems. In this way, the percentage saving of 
primary energy with HEAHU is variable between 31% and 46%. In the 
case of EAHP there is a wide oscillation of this saving from only 2.5% in 
Milan to 48% in Palermo. These calculated savings can be further 
improved remembering that the comparison does not consider pumping 
electric need to supply heat coil by hot water in the case of the OHR 
system. This consumption item could become significant in some real 
contexts. This outcome confirms the influence of the drastic perfor-
mance reduction of the OHR system in Rome and Palermo. Regarding 
the effect of the ventilation rate increase in each city, Fig. 8 shows an 
improvement of this analysed saving for both the devices. Official data 
in Italy [81] were assumed to calculate the CO2 emission. In particular 
for electric energy, a value of 0.308 Kg CO2 per electric kWh which 
considers the mix of electric generating technologies used including 
renewable sources like hydro and photovoltaic plants. For the natural 
gas boiler an emission coefficient of 0.201 Kg CO2 per kWh of primary 
energy consumption was used. Consequently, the seasonal reduction 
about CO2 emission of HEAHU and EAHP were calculated compared to 
the emissions of the OHR system. This reduction is fluctuating in the 
range between 44% and 58% with HEAHU and between 23% and 60% 

Fig. 7. Monthly and seasonal average percentage load quotas ε and PERs with the OHR system.  

Fig 8. Seasonal PERs with the three recovery systems, energy savings and CO2 emission reductions with HEAHU and EAHP referred to the corresponding primary 
energy consumptions and equivalent CO2 emissions with the OHR system. 
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with EAHP. Noteworthy is the remarkable environmental benefit by 
EAHP vs the OHR system even when the superiority of the PER is 
modest. Of course the reason is the different CO2 emission rate for 
natural gas and electric energy. 

The use of OHR systems is well widespread in HVAC systems and 
relative commercial costs are available without problems for an 
extended variety of types and sizes. Unlike, the autonomous ventilation 
units implementing the HEAHU or EAHP solutions here studied have 
characteristics and sizes actually not existing in the market. This is 
particularly true for the EAHP solution which includes two condensers 
with an intermediate humidifier as a consequence of the requirement of 
a precise humidity control to contrast viral diffusion. A cost estimation 
of devices not existing on the market is considered unreliable in this 
phase and therefore it is postponed to a second stage of this study. For 
this reason a cost-benefit analysis is not provided in this discussion of the 
results. 

4. Conclusion 

This work must be seen in the context of the current efforts by de-
signers and companies to introduce new solutions and products in HVAC 
systems to better meet the pandemic emergency. On the basis of the 
assessment of their energy performances, the aim of this study is to 
individuate more suitable VHR systems to overcome possible energy and 
environmental barriers owing to the new ventilation exigencies required 
by the viral contrast. In this phase, the intent is to contribute to address 
the interest of manufacturers and designers towards the solutions here 
proposed. Successively, the indispensable financial comparison will be 
possible by using trusted costs provided by manufactures engaged to 
transform into commercial products these technical proposals. 

The investigation has highlighted a behavioral sensitivity of the 
analyzed recovery systems to different amount of indoor latent gains and 
ventilation air flow rates. But first of all fundamental resulted the effect 
of the climatic condition which deeply affects the performances of the 
heat recuperator in milder climates. As consequence, the net superiority 
of HEAHU in Milan, thanks to the combined effects of heat pump and 
recuperator, is gradually reduced in Rome and Palermo. Here the benefit 
of the heat pump becomes predominant as consequence of the oppor-
tunity to take full advantage in the use of return air as a cold source at 
the evaporator. In Palermo the greater fan electric consumption due to 
the presence of the recuperator penalizes HEAHU versus EAHP. Natu-
rally, in the event of a modest difference between the performances of 
two alternative systems, it will be the cost-benefit analysis to indicate 
the most convenient solution. This fact could happen with EAHP in 
Milan, where the quick reduction of the advantage with respect to the 
OHR system can suggest the use of the second device in case of lower 
initial cost. However, the same trend indicates the very likely superiority 
of the performance of the second device in Northern Europe climate 
even if not simulated in this study. In the end, the best solution is 
HEAHU in a colder climate and a recovery system based only on a heat 
pump with milder weather. The simulations highlight the possibility of 
great improvement in the installation of a heat pump in coupling or as an 
alternative to the more traditional OHR system. This statement is 
confirmed in the wide analyzed range of ventilation flow rates. In fact 
their possible extraordinary increment required by the viral contrast 
need strengthens the benefit. In comparison with OHR system con-
sumption, by HEAHU primary energy saving can reach 46% in Milan 
and by EAHP 48% in Palermo. In conclusion, heat pump technology can 
give a fundamental contribution to reduce ventilation energy require-
ment. This possibility is particularly appreciable in presence of strong 
ventilation increments caused by the necessity to deal with a viral 
emergency like COVID-19. The reduction of CO2 emission obtained by 
the heat pump is another important advantage in the context of the 
actions aimed at the reduction of greenhouse gas emissions. 
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[45] O. Ribé, R. Ruiz, M. Quera, J. Cadafalch, Analysis of the sensible and total 
ventilation energy recovery potential in different climate conditions. Application to 
the Spanish case, Appl. Therm. Eng. (2019), https://doi.org/10.1016/j. 
applthermaleng.2018.12.076. 

[46] L. Schibuola, High-efficiency recovery for air-conditioning applications in a mild 
climate: A case study, Appl. Therm. Eng. (1997), https://doi.org/10.1016/s1359- 
4311(96)00051-8. 

[47] H. Han, M.-K. Kim, An Experimental Study on Air Leakage and Heat Transfer 
Characteristics of a Rotary-type Heat Recovery Ventilator, Int. J. Air-Conditioning 
Refrig. 13 (2005) 83–88. 

[48] G.V. Fracastoro, M. Serraino, Energy analyses of buildings equipped with exhaust 
air heat pumps (EAHP), Energy Build. (2010), https://doi.org/10.1016/j. 
enbuild.2010.02.021. 
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