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Abstract: The advent of the COVID-19 pandemic puts stress on the requirements of indoor air quality.
Significant improvements in the design of building ventilation systems have become necessary, as this
allows for the supply of higher quantities of outdoor air in buildings. Additional capital investment
is necessary for increases in the size of ventilation fans and ducts, as well as for the installation of
efficient air-to-air recuperators, to recover the enthalpy of the rejected air. To address the increased
operation costs, smart strategies are necessary to make rational use of the ventilation system. The
required modifications are studied in the example of an 18-zone office building located in Volos,
Greece. The building’s energy performance is studied by means of transient simulation. Operation
of the ground-coupled heat pump, the upgraded ventilation system and the high-performance
recuperators and filters’ interactions is presented in detail at various time scales. The results show the
effect of increased ventilation requirements of new and renovated office and commercial buildings in
the post-COVID era. The added capital equipment and operation costs must be met with a strong
and sustained engineering effort. Especially in the case of nZEB buildings, the protection of public
health must be attained, with reduction of the added electricity consumption penalties, in order to
keep the nZEB character of the building.

Keywords: building ventilation; recuperators; air filters; heat pumps; building energy simulation;
system sizing; system optimization

1. Introduction

Nearly zero energy buildings (nZEB) are now a reality in most developed economies.
The nZEB designation refers to a building that has a very high energy performance, and
the very low amount of energy required per square meter should be covered to a very
significant extent by renewable sources, mostly produced on-site [1]. These buildings
combine a well-insulated building’s shell and structure, the exploitation of smart features
of the buildings management systems and the installation of efficient heat pumps and
high-performance rooftop photovoltaics. Following Article 9 of the EU Energy Performance
of Buildings Directive 2010/31/EU (EPBD) [2], all new buildings constructed within the
EU starting from 2021 must be nZEBs. This is implemented to a large extent, although
there are wide differences across Member States in terms of nZEB implementation [3]. In
parallel, a gradual electrification of buildings is carried out, which is necessary in order
to contribute to the wider objective of highly energy-efficient and decarbonized buildings
by 2050. Building heating is increasingly implemented by the use of high-performance
heat pumps, with a wide penetration of ground-source [4] or dual-source heat pumps [5] at
the core of their heating, ventilating and air-conditioning (HVAC) systems. Since nZEBs
are normally producers of electricity, their high energy-efficiency frequently leads to an
electricity surplus during the day, which can be profitably expended for charging the
increasingly electrified cars of employees or occupants [6,7]. However, there exists an
important building energy consumption source that tends to move in the opposite direction,
becoming increasingly demanding. This is the building ventilation requirement, which

Sustainability 2023, 15, 3422. https://doi.org/10.3390/su15043422 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15043422
https://doi.org/10.3390/su15043422
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-8108-0115
https://orcid.org/0000-0002-1514-9874
https://orcid.org/0000-0002-9548-8912
https://doi.org/10.3390/su15043422
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15043422?type=check_update&version=2


Sustainability 2023, 15, 3422 2 of 24

is essential to a healthy building. Indoor air quality (IAQ), which has been considered in
the past as a more-or-less subjective issue by building designers and owners, emerged to
the foreground after 1990, due to the adverse effects of poor IAQ expressed by various
instances of sick buildings. This requirement has been hard-coded in the newer editions of
ASHRAE Standard 62 and the respective European norms after the year 2000 [8], because
poor IAQ hinders the employees’ productivity in commercial and office buildings and
discourages house tenants from renewing their leases. As of 1989, the requirements for
space ventilation rates changed from 5 cfm per occupant to 15 or 20 cfm, depending on
occupancy mode. ASHRAE Standards 62.1 and 62.2 guide the design, startup, operation
and maintenance of commercial, institutional and residential ventilation systems [9]. As
“continuous maintenance” standards, they are modified and updated every three years to
incorporate all addenda approved in-between [10]. Acceptable indoor air quality can be
achieved via the control of contaminant sources, adequate ventilation rates, management
of humidity and supply and return air filtration. Apart from microbial contamination,
particles or chemicals originate from occupants’ presence and activity, as well as from
furniture and wall and floor coatings. They may infiltrate the building along with the air, or
be transported along with the outdoor air introduced to the ventilation system. Obviously,
controlling contaminants as close to the source as possible, which is the more cost-effective
strategy, is not always possible. In most cases, dilution with outdoor air is the only possible
approach. ASHRAE Standard 62.1 describes two procedures to calculate the necessary
ventilation rates to dilute these contaminants. The most frequently applied is the Indoor
Air Quality procedure, which determines minimum design ventilation rates (L/s outdoor
air qtot) based on the following formula:

qtot = n · qp + AR · qB (1)

where qtot is the total ventilation rate for the breathing zone, n is the normal number of
occupants, qp is the ventilation rate per person (L/s), AR is the floor area (m2) and qB
(L/m2s) is the ventilation rate needed to dilute emissions from building surfaces. The
above ventilation rates refer to well-mixed conditions, with uniform contaminant con-
centration levels. They also assume 100% ventilation effectiveness, which means that all
outdoor air delivered by the ventilation system reaches the occupied zone. On the other
hand, ventilation systems for spaces with intermittent or variable occupancy are separately
addressed. Adjustment of their outdoor air quantity is allowed to provide the necessary
dilution for acceptable levels of contaminant concentration [9]. The advent of the COVID-19
pandemic significantly challenged buildings’ ventilation systems [11]. This is due to the
convergence of all research works to the conclusion that airborne transmission is the major
propagation mode of COVID-19 in enclosed spaces [12]. High transmission rates have been
reported when susceptible individuals are close (1–2 m) to an infected person. Droplet
spray and inhalation exposure are intense in such small distances. However, transmission
is also possible with several meters of distance inside a room [13]. It takes only 2 s for
droplets to evaporate and leave drier, smaller particles (droplet nuclei), that are more easily
swept by air motion, since their drag forces are comparable to gravity [14]. This allows
the virus particles inside the nuclei to survive for one hour or more suspended in the
air, since the size of coronavirus particle ranges from 80 to 160 nm [15]. Elsaid et al. [16]
commented on the design of existing air-conditioners, as regards their impact on the spread
of the coronavirus. They reviewed efforts to develop highly efficient air filters and ionizers
for protection against epidemic infection. Hamdani et al. [17] conducted experiments
with a full-scale negative pressure isolation room for COVID-19 patients at Syiah Kuala
University to investigate the performance improvements in terms of temperature, pressure,
humidity and energy consumption with a computer HVAC control system. Wide research
experience from the pandemic made clear that adequate ventilation is essential to reduce
the spread of respiratory viruses [18]. Alonso et al. [19] conducted onsite measurements
of environmental variables in primary schools with mechanical ventilation systems in
Spain, before and during the pandemic. They found a decrease of 300 ppm in CO2 weekly
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average values during the pandemic with hybrid ventilation and a decrease of 400 ppm
with natural ventilation during all teaching hours. Fageha et al. [20] proposed an optimized
natural ventilation strategy in educational buildings to minimize the probability of viral
infection and avoid draught discomfort by means of a building energy simulation tool,
coupled with the Wells–Riley equation for probability of infection and Fanger’s draught
equation to estimate the draught risk. Haohan et al. [21] investigated the relationship
between infection risk and ventilation rate. They also examined optimal ventilation control
for dilution ventilation and ventilation cooling. Wang et al. [22] aimed their study towards
balancing a low-infection-risk with energy-efficient ventilation control. They proposed a
smart, low-cost ventilation control strategy based on occupant density detection. According
to the US Environmental Protection Agency (EPA), increased ventilation with outdoor air
is a key engineering measure to reduce indoor air-pollutants or contaminants, includ-
ing airborne viruses [23]. Mohammadi et al. [24] evaluated the transmission of outdoor
pollutants into the indoor environment using 3D computational fluid dynamics with a
pollution-dispersion model. Naturally ventilated buildings next to an urban canyon were
modelled and validated against wind tunnel results from the Concentration Data of Street
Canyons database. Pampati et al. [25] reviewed school-based strategies to improve ventila-
tion to reduce incidences of COVID-19 in a nationally representative sample of U.S. K–12
public schools. They concluded that improved outdoor air ventilation is the key strategy
recommended to reduce COVID-19 spread in school settings. Marotta et al. [26] reviewed
strategies developed by several Sustainability Rating Systems to respond to any infectious
disease and ensure that building occupants protect and maintain their health. The best
practices point to an overall sustainability increase with resilience. The decomposition of
the concept of sustainability in its three components (environmental, social and economic)
shows that preventive strategies are likely to be systematically adopted as state-of-the-art.
A well-documented study conducted by experts from the Federation of European Heating,
Ventilation and Air Conditioning Associations (REHVA), points to the preventive direction.
Following the collection of available evidence, a health-based ventilation design method-
ology was proposed [27]. In Europe and elsewhere, the current ventilation design, based
on EN 16798-1:2019 [28] and ISO 17772-1:2017, is based on perceived air quality (odors)
and has neglected respiratory disease transmission. REHVA proposed an infection-risk-
based ventilation design method to provide new target ventilation rates in non-residential
buildings, excluding healthcare and industrial buildings. Health-based ventilation rates
are generally higher than those based on comfort conditions and are mandatory during
epidemic periods. Moreover, to save energy in variable-occupancy spaces, Standard 62.1
allowed a calculated minimum space ventilation rate based on average space occupancy
whenever peak occupancies were of short duration. Such provisions could no longer be
applied under the new situation with the existence of highly contagious viral infections,
such as COVID-19. This would further increase the required outdoor air quantities, as
detailed in this study. Furthermore, the present study investigates the additional equipment
and operational measures required to fulfill the increased outdoor ventilation rates for
the case of an 18-zone nZEB office building, equipped with a rooftop PV installation, and
space heating and cooling performed by a high-efficiency ground-source heat pump sys-
tem. Moreover, the effect of the additional electricity consumption penalty induced by the
updated ventilation requirements on an office building’s nZEB character is examined for
the first time, according to the authors’ knowledge. Finally, specific strategies to minimize
the electricity consumption penalty are discussed. This paper is organized in four sections.
Section 2 presents the overview of the building’s HVAC system and input data for the
transient simulation, with special emphasis to the computation of the ventilation system
performance, according to the different scenarios. Section 3 presents and discusses the
simulation results. The conclusions and future work are presented in Section 4.
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2. Materials and Methods

The office building’s transient performance is investigated in the TRNSYS 16 simu-
lation environment. Due to its modular structure, this software is routinely applied to
understand and optimize similar cases of complex thermal systems. The transient operation
of critical system components, such as the air-source heat pumps [29] or ground-coupled
heat pumps [30], can be profitably studied in this environment. This allows for the study of
component sizing for different climate types and building operation schedules [31]. Input
data and component interactions are inserted in a graphical user interface. The simulation
engine solves the resulting system of linear equations. This software has demonstrated a
good fit to test results during the simulation of ground-source heat pump operations [32].
The comparative performance of TRNSYS against other standard building energy simula-
tion software is presented in [33]. It is a certified building energy analysis software in the
framework of ANSI/ASHRAE Standard 140-2001 [34]. In this section, the basic structure
of the system’s model employed in the transient simulation is described, along with the
building’s details and schedules, with special emphasis to the structure and modeling of
the HVAC and ventilation system. As regards the size of the various components, the
following philosophy was adopted: The building has been designed as a nZEB, with a
HVAC system based on an efficient ground-coupled heat pump. The nZEB character of the
building must be retained, which means that the annual energy balance should be kept
positive (the building should be a net exporter to the grid). The flat roof of the building
is used for the rooftop PV installation, along with the sixteen Air-handling Units (AHU)
for the ventilation of all zones, except for the parking zone. This last zone, located in the
basement, is equipped with a separate ventilation system based on wall ventilators for air
supply and exhaust. The sizing of the rooftop PV installation was based on the available
space (Figure 1).
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2.1. Building Simulation Details

The 4-story office building (typical floor plan in Figure 1) has a ground trace of 1340 m2

(84× 16 m). A maximum number of 150 occupants is assumed during weekdays. An 80-car
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capacity parking zone lies in the basement, with 20 places equipped with 7 kW, 3-phase,
32 A/400 V electric car chargers.

The main building shell insulation data are presented in Table A1, Appendix A. These
include energy-efficient windows and automatic shading devices for the summer. This
results in the summer cooling loads kept at similar levels as the winter heating loads. The
total floor area is 6700 m2, out of which the conditioned zones area is 5750 m2. The ceiling
height is 3 m for all levels above ground. The basement has a ceiling height of 4 m, hosting
electromechanical installations and parking places. The level roof has a total of 315 PV panels
(1134 × 1722 mm, 415 Wp nominal output) facing SSW in a portrait orientation (Figure 1) and
at a 20 degree tilt angle. They produce a nominal 130.7 kW peak power. Meteorological data
are introduced by means of a typical meteorological year (TMY) for the city of Volos, Greece.
This comprises 8760 hourly input values of ambient Dry Bulb temperature, relative humidity,
wind direction and speed and total/direct solar horizontal radiation.

2.2. HVAC System Details and Heat Pump Submodel

The technical data of the water–to-water heat pump are listed in Table A2—Appendix A.
The heat pump receives or discharges heat to a ground network consisting of eighty
∅200 mm × 80 m depth boreholes. It is capable of supplying up to 210 kW of heating at
7 ◦C outdoor DB temperature, and 195 kW of cooling at 35 ◦C. It produces hot or cold
water that feeds fan coil units to cover the heating and cooling loads for all office spaces
in the building. Six rooftop air-handling units (Figure 1), and another four on the ground
floor, are employed only to cover the ventilation needs of all zones except the basement.
This keeps the air transportation needs to a minimum, minimizes the size of air ducts and
allows greater flexibility in regulating air flow for each zone. All air-handling units are
set to 100% outdoor air (Figure 2) and are equipped with high-performance recuperators
to reclaim up to 70% of the exhausted air’s enthalpy. They are also typically equipped
with pre-filters and bag filters. Efficient LED lighting and high-efficiency (A+) electrical
equipment is installed. The heat pump model follows Type 668 [35]. The year-round heat
transfer operation of the vertical U-tube ground loop is modeled based on Type 557a [35].
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2.3. Air-Handling Units, Details of Centrifugal Fan Characteristics, Filters, Recuperators

As mentioned above, the ventilation air for each zone is furnished by an air-handling
unit of the general type shown in Figure 2. These units are supplying 100% outdoor air
(no recirculation is permitted) and are equipped with recuperators for the pre-heating or
pre-cooling of the outdoor air introduced to the system. Now, according to the detailed
calculations, the system must be capable of supplying a maximum of 19,000 m3/h outdoor
air to the specific building under study, in order to cover the requirements of EN 16798-
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1:2019 for Category II, which is the normal level used for new buildings and renovations
(see Table 1).

Table 1. Description of the applicability of the indoor environment categories used in EN 15251 and
EN 16798-1:2019 [28].

Category Explanation Ventilation Rate qB
(L/m2s) (Equation (1))

I

High level of expectation: recommended for spaces
occupied by very sensitive, fragile persons with

special requirements: handicapped, sick, very young
children, elderly persons

1

II Normal level of expectation: should be used for new
buildings and renovations 0.7

III An acceptable, moderate level of expectation: may
be used for existing buildings 0.4

This quantity is supplied by six rooftop AHU of 2200 m3/h capacity each and another
four AHU of 1450 m3/h capacity placed at ground level. The 2200 m3/h nominal flow
rate of each of the larger AHU is supplied by a fan with characteristics shown in Figure 3a,
powered by a direct-drive, 3-phase, 1.1 kW motor. The associated exhaust fan is powered
by a 3-phase, 0.55 kW motor. The 1450 m3/h nominal flow rate of each of the smaller-sized
AHU is attained by a supply fan with characteristics in Figure 3b, powered by a direct-drive,
3-phase, 0.55 kW motor and an exhaust fan powered by a single-phase, 0.40 kW motor [36].
As indicated by the respective characteristics of the centrifugal fans in Figure 3, the static
pressure head at their design points approaches 500 and 400 Pa, respectively.

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 25 
 

(no recirculation is permitted) and are equipped with recuperators for the pre-heating or 
pre-cooling of the outdoor air introduced to the system. Now, according to the detailed 
calculations, the system must be capable of supplying a maximum of 19,000 m3/h outdoor 
air to the specific building under study, in order to cover the requirements of EN 16798-
1:2019 for Category II, which is the normal level used for new buildings and renovations 
(see Table 1). 

Table 1. Description of the applicability of the indoor environment categories used in EN 15251 and 
EN 16798-1:2019 [28]. 

Category Explanation Ventilation Rate 𝒒𝑩 
(L/m2s) (Equation (1)) 

I 

High level of expectation: recommended for spaces 
occupied by very sensitive, fragile persons with 
special requirements: handicapped, sick, very 

young children, elderly persons 

1 

II Normal level of expectation: should be used for 
new buildings and renovations 

0.7 

III An acceptable, moderate level of expectation: may 
be used for existing buildings 

0.4 

This quantity is supplied by six rooftop AHU of 2200 m3/h capacity each and another 
four AHU of 1450 m3/h capacity placed at ground level. The 2200 m3/h nominal flow rate 
of each of the larger AHU is supplied by a fan with characteristics shown in Figure 3a, 
powered by a direct-drive, 3-phase, 1.1 kW motor. The associated exhaust fan is powered 
by a 3-phase, 0.55 kW motor. The 1450 m3/h nominal flow rate of each of the smaller-sized 
AHU is attained by a supply fan with characteristics in Figure 3b, powered by a direct-
drive, 3-phase, 0.55 kW motor and an exhaust fan powered by a single-phase, 0.40 kW 
motor [36]. As indicated by the respective characteristics of the centrifugal fans in Figure 
3, the static pressure head at their design points approaches 500 and 400 Pa, respectively. 

  
(a) (b) 

Figure 3. Characteristic performance curves and design operation points of the two types of supply
fans installed in the respective air-handling units (a) 1.1 kW, 3-phase, 4-pole motor, direct-drive;
(b) 0.55 kW, 3-phase, 4-pole motor, direct-drive [36].

Typical pre-filter (Figure 4a) and bag filters (Figure 4b) are installed in the supply side
of each AHU. HEPA filters are not installed, due to the high backpressure levels involved.
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2.4. Photovoltaic Installation Modeling

The detailed PV operation model is based on [37] to reconstruct the module’s I-V curve
by fitting data from the manufacturer’s datasheet. The cell is viewed as an equivalent,
single-diode circuit. The following values are fitted to the main model parameters: IL (the
light current, IL,f = 10.85 A), I0 (reverse diode current, I0 = 0.299 nA), RS (module series
resistance, RS = 0.0605 Ω), RSH (shunt resistance, RSH = 5000 Ω), and α (modified ideality factor,
α = 2.664). The panel’s I–V curve is reconstructed according to the following equation:

I = IL − I0

(
e

V+IRS
α − 1

)
− V + IRS

RSH
(2)

The modified ideality factor α depends on the cell temperature TC, the number of cells
in series NS, the usual ideality factor ηI , the Boltzmann constant k and electron charge q.
The above-stated model parameter values were extracted by solving the de Soto model
equations to fit the data provided in the manufacturers data sheet of Table 2 [38]. In this
way, the full I-V curve for the panel is produced for the modeling.

Table 2. Technical data of the 415 Wp monocrystalline silicon, 120 half-cells PV panels NU JC415 [38],
as used in TRNSYS type194.

PV Module Parameter Value Comments

ISC at STC 13.87 A Short circuit current
VOC at STC 38.08 V Open circuit voltage
IMPP at STC 13.18 A Current at max power point
VMPP at STC 31.49 V Voltage at max power point

Temp. coefficient of ISC (STC) 0.054%/K αISC
Temp. coefficient of VOC (STC) −0.262%/K βVOC
Number of cells wired in series 2 strings × 60 modules
Module temperature at NOCT 315.5 K
Ambient temperature at NOCT 293 K

Module area 1.95 m2

Module efficiency 21.25%

2.5. TRNSYS 16 Types and Simulation Details

The basic component of the system model is the 18-zone model of the office building
(Type 56). Other components include Type 54 (weather generator), Type 16 (solar radiation
processor), Type 69 (effective sky temperature), Type 501 (ground temperature calculation)
and Type 33 (psychrometrics). Electrical components include Type 194 (PV panels), Type
48a (inverter), Type 668 (heat pump), Type 557a (ground heat exchangers) and Type 3a
(ventilation fans). All subroutines are parts of the TRNSYS 16 and TESS libraries [35].
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All TRNSYS types, and their interconnection in the TRNSYS simulation studio inter-
face, are presented in Figure 5.
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2.6. Increased Outdoor Air Requirements during COVID-19 Episodes

As explained in the introduction section, increased outdoor air capacities are expected
to be available in new buildings of the post-COVID-19 era. This increased capacity would
be exploited, in order to allow physical presence in offices during specific episodes of
COVID-19. Focused research works point to increased capacity, supported by continuous
recordings of indoor air CO2 concentration with varying occupancy in specific space
categories. Increased levels of outdoor air are required to keep a rational target CO2
concentration of 800 ppm [39]. Although the related legislation is not yet agreed, due to
the significant increase in investment and, especially, operating costs for the oversized
fans, a good estimate of the added burden to the ventilation system can be made if we
take, as a starting point, the increased outdoor air requirements of Category I buildings
with high levels of expectation for indoor air quality (Table 1), which are recommended for
spaces occupied by very sensitive and fragile persons with special requirements, such as
handicapped, sick, very young children and elderly persons, according to the European
Standard EN 16798-1:2019 [28]. By adhering to these assumptions, the detailed calculations
show that the system must be capable to supply a maximum of 27,000 m3/h outdoor air to
the building.
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This increased quantity can be supplied by the same number of ten Air-handling Units,
which now need to be oversized as follows: six rooftop AHU of 3100 m3/h capacity each
and four AHU of 2100 m3/h capacity each placed at ground level. The 3100 m3/h nominal
flowrate of each of the larger AHU would require a supply fan, with characteristics as in
Figure 5a, powered by a direct-drive, 3-phase, 2.2 kW motor [36] and an associated exhaust
fan, powered by a 3-phase, 1.1 kW motor. The 2100 m3/h nominal flowrate of each smaller-
sized AHU would require a supply fan with characteristics as in Figure 5b, powered by a
direct-drive, 3-phase, 1.1 kW motor and an exhaust fan, powered by a 3-phase, 0.55 kW
motor [36]. As indicated on the respective characteristics of the centrifugal fans in Figure 6,
the static pressure head at their design points is close to 600 and 500 Pa, respectively.
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Figure 6. Characteristic performance curves and design operation points of the two types of supply
fans installed in the respective air-handling units (a) 2.2 kW, 3-phase, 4-pole motor, direct-drive;
(b) 1.1 kW, 3-phase, 4-pole motor, direct-drive [36].

As expected, the oversized equipment would be operated in demand-driven ventila-
tion mode, which means that, during the normal operation (outside of COVID-19 episodes),
the ventilator motors will be regulated at a reduced speed by their inverters. In the next
section, an assessment of the increase in operating costs involved is carried out by means of
the comparative building energy simulation runs of the two alternative ventilation systems.

It must be noted in this context that the increased ventilation rates, apart from the
increased ventilators’ electricity consumption, induce additional heating or cooling by the
heat pump in order to bring the outdoor air to the required indoor temperature (known as
ventilation load). This effect is included in the building energy simulation and reported in
the results. The effectiveness of the recuperators that are present in all Air-handling Units
is taken into account for the ventilation load computations.

3. Results and Discussion

The original results of the transient simulation include a 0.1 h time resolution of several
outdoor and indoor environment variables. In addition, the main building electricity
consumption variables are presented to describe the electrical system’s behavior, as well as
the following variables, describing the electric power interaction of the building with the
external grid:
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(i) The electric power imported from the grid when the photovoltaic production cannot
cover the building’s demand; (ii) The power surplus, which is the difference between
electric power that is produced by the rooftop PV installation and consumed by the HVAC
system, lighting and electric appliances. This is managed by the building’s management
system and can be exploited by charging the employees’ EVs, or can be exported to the
electricity grid; (iii) The power exported to the grid, which is calculated after subtraction
from the power surplus of the electric power that is possibly consumed by employees’
electric cars’ batteries charging.

3.1. Monthly System’s Performance and Annual Summary—Baseline Building

The overall system’s performance can be assessed by means of monthly energy data, as
presented in Figure 7. The highest PV production is observed in June and July, approaching
25,000 kWh/month, and the lowest is observed in December at 6500 kWh.

Sustainability 2023, 15, x FOR PEER REVIEW 10 of 25 
 

in the results. The effectiveness of the recuperators that are present in all Air-handling 
Units is taken into account for the ventilation load computations. 

3. Results and Discussion 
The original results of the transient simulation include a 0.1 h time resolution of sev-

eral outdoor and indoor environment variables. In addition, the main building electricity 
consumption variables are presented to describe the electrical system’s behavior, as well 
as the following variables, describing the electric power interaction of the building with 
the external grid: 

(i) The electric power imported from the grid when the photovoltaic production can-
not cover the building’s demand; (ii) The power surplus, which is the difference between 
electric power that is produced by the rooftop PV installation and consumed by the HVAC 
system, lighting and electric appliances. This is managed by the building’s management 
system and can be exploited by charging the employees’ EVs, or can be exported to the 
electricity grid; (iii) The power exported to the grid, which is calculated after subtraction 
from the power surplus of the electric power that is possibly consumed by employees’ 
electric cars’ batteries charging. 

3.1. Monthly System’s Performance and Annual Summary—Baseline Building 
The overall system’s performance can be assessed by means of monthly energy data, 

as presented in Figure 7. The highest PV production is observed in June and July, ap-
proaching 25,000 kWh/month, and the lowest is observed in December at 6500 kWh. 

 
Figure 7. Monthly electricity production and consumption during the year. 

The heat pump consumption varies during the year, becoming negligible during the 
neutral months. The building’s electricity consumption for the lighting and electrical ap-
pliances averages to less than 4500 kWh/month. The building’s annual  electricity con-
sumption is computed to the amount of 150,000 kWh, or about 26 kWh/m2y. This corre-
sponds to 75.5 kWh/m2y primary energy consumption, where the limit set by the Euro-
pean legislation for an nZEB building is 80–90 kWh/m2y total primary energy consump-
tion [40]. The total annual electricity produced by the PV installation is predicted at 

Figure 7. Monthly electricity production and consumption during the year.

The heat pump consumption varies during the year, becoming negligible during
the neutral months. The building’s electricity consumption for the lighting and electri-
cal appliances averages to less than 4500 kWh/month. The building’s annual electricity
consumption is computed to the amount of 150,000 kWh, or about 26 kWh/m2y. This
corresponds to 75.5 kWh/m2y primary energy consumption, where the limit set by the
European legislation for an nZEB building is 80–90 kWh/m2y total primary energy con-
sumption [40]. The total annual electricity produced by the PV installation is predicted
at 179,000 kWh. The building imports from the grid a total of 59,500 kWh and exports
annually 63,600 kWh. Thus, the annual building’s electricity self-production is at the same
levels with its annual consumption, which confirms the building’s nZEB character. On a
monthly basis, we observe in Figure 6 that the building is a net electricity consumer during
the seven months from August to February. During the remaining five months of the year,
it becomes a net exporter to the grid. Before exporting the surplus quantity to the grid
during the surplus period, there exists the additional possibility of charging an average
of 20 employees’ electric cars during the week days, which would consume 200 kWh per
working day (4400 kWh/month). Selling this quantity to the employees which are owners
of electric cars can be beneficial to the building, because the charging period coincides with
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the hours of sunshine. Obviously, it is important to study the specific hours of the day
where the building is importing or exporting to the grid. This will be carried out during
the study of the hourly building energy performance in the sequel. An examination of the
variation of energy production and consumption in Figure 6 justifies the selection of the
20◦ panels’ tilt angle mentioned above. By this specific choice, the rooftop PV installation
is optimized for summer operation, where the need is higher, due to the increased HVAC
cooling loads. These data are examined in more detail in Figure 8.
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Figure 8. Heat pump energy performance and electricity consumption on a monthly basis. Heat gain
from the ground and heat transferred to the load are positive in heating mode and negative in cooling
mode. Cooling mode prevails between May—October, as seen by the negative thermal kWh values.

The seasonal heating and cooling energy production, along with the electricity con-
sumption, are presented in Figure 8. The heat gain from the ground during winter is added
to the compressor work, and the total is transferred to the load in heating mode. During
cooling mode operation, the heat absorbed from the load is added to the compressor’s work
and rejected to the ground. The monthly average coefficient of performance (COP) varies
between 4.4–5.6 in heating and 3.2–4.0 in cooling. The summer cooling loads significantly
exceed the winter heating loads. This is due to the local climate, which has mild winters
and hot summers. It should be mentioned that the actual operation of ground-source
heat pumps may deviate significantly from the theoretical design predictions [41], due
to the uncertainty regarding the variation of ground thermophysical properties in the
neighborhood of the boreholes [42]. This is related to the incomplete knowledge of soil- and
ground-humidity variation with depth [43]. The annual heat pump’s electricity consump-
tion reaches 65,700 kWh (12 kWh/m2y). These low consumption levels become attainable
by the good building’s shell insulation and the high-efficiency levels of the ground-source
heat pump. Figure 9 shows the comparative variation of electricity exported and imported
from the grid, which allows a better overview and comparison of the electricity production
and consumption for various purposes in the course of the year. A comparison between
the monthly electricity consumption of the heat pump with the consumption of the HVAC
system fans in Figure 9 reveals that, during the winter and neutral months, they consume
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more electricity than the heat pump itself. That is, the transportation of the ventilation air
from the outside to the building’s interior costs more than its heating.
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building with category II ventilation.

The reverse is observed during the hot summer months, where the heat pump elec-
tricity consumption significantly exceeds that of the ventilation system fans. Overall, the
ventilation system fans consume 33,600 kWh (6 kWh/m2y), which is about half of the
heat pump consumption. On the other hand, the electricity consumed for the building’s
lighting and the office equipment are kept at very low levels throughout the year, due to the
optimal exploitation of the daylight and the high-efficiency of office equipment. Overall,
the monthly electricity consumption for lighting and electrical appliances is about 50%
higher than the respective power allocated to the ventilation. Further, it would be useful to
know the specific hours of the day that electricity would be available (and much needed)
for exportation, as discussed in detail in the next figures.

As a starting point, the system’s operation during the second week of January is
presented in Figure 10, beginning on Monday. The thermostat is set to 20 ◦C indoor
temperature in all office spaces during working hours. A significant variation of available
sunshine and ambient temperatures, which affect the heating loads, produces the observed
patterns, where the availability of electricity for export to the grid (or EV charging) is
limited to short duration periods during Monday, and to large periods during Saturday
and Sunday.

The situation changes dramatically during the neutral months of April and May, where
the heat pump consumption is negligible. Moreover, there is plenty of sunshine, which
keeps PV production at steadily high levels, making the building a net electricity exporter
to the grid. This situation is presented in the example of Figure 11 (late April–beginning
of May). Significant amounts of electricity surplus become available for export to the grid
or EV charging, up to a maximum power level exceeding 12 kW at noon hours during
most weekdays, and reaching 15 kW during the weekend. The total ventilation fans’
consumption stays at their nominal level, which is a total of 7 kW during the working
hours. However, the advent of summer is associated with higher temperature levels, with
sporadic heat waves occurring during July and August. As an example of this operation
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mode, Figure 12 allows an assessment of the building’s energy performance during the
first days of July. The indoor temperature set point for cooling mode is set to 26 ◦C. The
heat pump is observed to operate in cooling mode at high power levels to address the
high cooling loads of the prolonged heat-wave of Monday—Tuesday, and—to a lesser
extent—during the next days.

Sustainability 2023, 15, x FOR PEER REVIEW 13 of 25 
 

 
Figure 10. Ambient temperature, zone 1 temperature, heat pump consumption, PV inverter out 
power, and ventilation fan consumption during the second week of January. 

The situation changes dramatically during the neutral months of April and May, 
where the heat pump consumption is negligible. Moreover, there is plenty of sunshine, 
which keeps PV production at steadily high levels, making the building a net electricity 
exporter to the grid. This situation is presented in the example of Figure 11 (late April–
beginning of May). Significant amounts of electricity surplus become available for export 
to the grid or EV charging, up to a maximum power level exceeding 12 kW at noon hours 
during most weekdays, and reaching 15 kW during the weekend. The total ventilation 
fans’ consumption stays at their nominal level, which is a total of 7 kW during the working 
hours. However, the advent of summer is associated with higher temperature levels, with 
sporadic heat waves occurring during July and August. As an example of this operation 
mode, Figure 12 allows an assessment of the building’s energy performance during the 
first days of July. The indoor temperature set point for cooling mode is set to 26 °C. The 
heat pump is observed to operate in cooling mode at high power levels to address the 
high cooling loads of the prolonged heat-wave of Monday—Tuesday, and—to a lesser 
extent—during the next days. 

0

20

40

60

80

100

120

140

160

180

200

-5

0

5

10

15

20

25

168 192 216 240 264 288 312 336

El
ec

tr
ic 

Po
w

er
 [k

W
]

Te
m

pe
ra

tu
re

 [o C
]

Time [hours]

Ambient Temperature, DB
Zone 1 Temperature, DB
Heat Pump Consumption
Inverter Power Out
PV_Power_to_Inverter
Fans_Power_Consumption
Power_exported_to_Grid

Figure 10. Ambient temperature, zone 1 temperature, heat pump consumption, PV inverter out
power, and ventilation fan consumption during the second week of January.
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Figure 11. Transient building’s energy performance during a week in the beginning of May. Cooling
season temperature set point is 25 ◦C.
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Figure 12. Transient building’s energy performance during one week in late June with a heat-wave.
Temperature set point to 25 ◦C.

Starting from 4042 h on Monday, a steep ramp is observed in ambient temperatures.
Initially, during the morning, the building’s heat capacity delays heating of the interior. The
heat pump consumption is kept at low levels and, due to the maximized PV production,
the building continues to keep an electricity surplus for export or EV charging. However,
during the afternoon, the electricity loads are high and the building needs to import
electricity. This general pattern is observed during the next days of the week. That is, the
building has a surplus during the morning and needs to import certain amounts of energy
during the afternoon. The ground-source heat pump demonstrates a high-efficiency in
cooling operation, mainly due to the significant heat capacity of the ground.

The above observations allow for assessment of the seasonality and daily variation of
the mode of interaction of the nZEB building with the grid. That is, we observe a shift from
import to export mode during each day and also a seasonality of the building’s behavior,
with higher export levels during the neutral months and reverse behavior during the winter
and summer months. To give an annual overview and allow the assessment of the observed
peaks in import and export power, Figure 13 shows the fluctuation of power from the grid
and the respective power transferred to the grid on an hourly basis for one full year. Some
electricity export peaks are reaching 100 kW. As already seen in the transient simulation
diagrams, these instances usually do not exceed the duration of a few hours each day.
These electricity exports to the grid are more frequent from May to September, where
PV production is at its highest. Export to the network occurs also during the weekends
throughout the year, due to a surplus of electricity because of decreased building loads.
The annual total of 63,300 kWh is exported (Figure 7). At the opposite side, a total amount
of 59,500 kWh is imported from the grid, being more evenly distributed during the year,
peaking to 60 kW, with some rare peaks observed at 80 kW.
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Figure 13. Power levels that are imported or exported hourly to the electricity grid in the course of
the year.

3.2. Monthly System’s Performance—Building with Increased Ventilation

The above results give a good understanding of the performance of an nZEB office
building with Category II. Now, the adoption of an increased capacity for indoor air quality
of Category I, which exist as extreme cases in the current European Standard and the
associated ASHRAE 62, significantly affects the building’s electricity consumption, as will
be demonstrated in the new simulation results. To this end, the building energy system is
modeled with ten increased capacity Air-handling Units which, according to the detailed
calculations, should supply a maximum of 27,000 m3/h outdoor air to the building.

The summary results for this alternative scenario is presented in Figure 14, where the
comparison with the reference case of Figure 9 reveals the following important excursions
of the building energy performance: (i) The ventilation fans’ annual electricity consumption
has now increased to a total of 70,000 kWh. The monthly consumption of the ventilation fans
is seen now to significantly exceed the remaining electricity consumption for lighting and
appliances for the building; (ii) As a result of the increased ventilation fans’ consumption,
and an associated smaller increase in heat pump consumption to address the increased
ventilation heating and cooling loads, the monthly electricity imports from the grid are
significantly increased, and the respective electricity exports have decreased. A total
annual amount of 87,800 kWh is imported, and a respective 52,300 kWh is exported to
the network. The building becomes a net importer of electricity with 35,500 kWh/y, or
6.18 kWh/m2y. This corresponds to 17.9 kWh/m2y net primary energy consumption
of the building (current primary energy conversion coefficient for the Greek electricity
generation system is 2.9). Thus, the nZEB character of the building, which requires less
than 20 kWh/m2y net primary energy consumption [40], is challenged to a certain degree.
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3.3. Comparative Performance of the Building with Category I–II Ventilation Requirements

A better assessment of the electricity exchange with the grid, according to the
two alternative scenarios with the Category I–II requirements on the ventilation air quanti-
ties, can be seen in the diagram of Figure 15, with the total electricity from grid and the
respective export to the grid plotted for each hour of the day. Starting from the standard cat-
egory II requirements, we observe total exports of 400 kWh per hour at early morning hours
07:00–08:00 before the start of the working schedule. After 08:00, the situation reverses
and we observe, during a significant number of days, a total demand for electricity import
which sum up to 250–400 kWh/h, according to the Category II requirements, until 15:00 in
the early afternoon. These total import quantities increase to the levels of 400–600 kWh/h
when the simulations are carried out according to Category I ventilation requirements.
On the other hand, presumably during a significant number of days in different seasons,
electricity exports to the grid reaching 1000 kWh/h at noon hours for Category II venti-
lation (800 kWh/h for Category I) are observed. These stay above 600 kWh/h until 15:00
and continue decaying until 17:30. On the other hand, significant electricity imports are
observed, presumably during different seasons during the same period. The total imports
peak at 850 kWh/h for Category II and 1200 kWh/h for Category I requirements at 17:30,
but they stay at high levels, above 700 and 1000 kWh/h, respectively, until the end of the
daily working schedule, which takes place at 20:00 (Figure 14).

In order to understand the reasons for the observed seasonality in the behavior of
the hourly electricity exchange of the building with the grid, under the two alternative
scenarios of ventilation requirements, it is interesting to focus first on the situation during
the cold winter months, January and February. This is presented in Figure 16, where,
for Category II ventilation requirements, the total levels of electricity exported roughly
match (with the exception of the early morning hours) the respective imports until 15:00 h.
Afterwards, presumably due to the drop in PV production in this winter season, there are
no more exports observed. The respective total electricity imports stay at an average of
100 kWh/h for Cat. II and 150 kWh/h for Cat. I requirements.
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Figure 15. Total electricity imported—exported to the grid for each hour of the day: Comparison of
Category I versus Category II indoor air quality requirements.
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Figure 16. Total hourly imported—exported electricity during the two-month period 1.1–28.2: Com-
parison of Category I versus Category II indoor air quality requirements.

Thus, the changes from Category II to Category I requirements become especially
apparent in the comparative plot of Figure 14, with regard to the total imported electricity
from the grid, to cover the increased ventilation fans’ consumption.

Next, it is interesting to study the respective hourly distribution of electricity exchange
with the grid during the neutral months of April-May. It can be observed in Figure 17
that the necessary imports are negligible until 15:00, presumably due to the negligible
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consumption of the heat pump and the available sunshine. On the other hand, the total
electricity exported to the grid during this period reaches noon peak levels of 300 and
250 kWh/h for Cat II and I requirements, respectively. Afterwards, the situation is reversed
and electricity imports peaking at 100 and 150 kWh/h are necessary until 20:00, according
to Cat. II and Cat. I requirements, respectively.
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Figure 17. Total hourly imported—exported electricity during the two-month period 1.4-31.5: Com-
parison of Category I versus Category II indoor air quality requirements.

Finally, it is interesting to focus on the behavior of the hourly electricity exchange
with the grid during the hot summer months of July and August, where the heat pump
consumption is at its highest levels, as is the PV electricity production. As seen in Figure 18,
according to the Category II ventilation requirements scenario, the hourly balance of
electricity exchange shows a prevailing export character until 15:00 h, since the necessary
imports after a short peak between 08:00–09:00 become negligible until 14:00. On the other
hand, from 15:00–20:00 h, we observe a quite significant increase of electricity imports that
are necessary to cover the high consumption levels of the heat pump during the afternoon.
Thus, electricity imports peaking at 280 and 350 kWh/h are necessary until 20:00, according
to Cat. II and Cat. I requirements, respectively.

The above hourly results reveal two critical time slots where the building requests
significant electricity quantities from the grid, especially with Category II ventilation re-
quirements. The first is of very short duration, between 08:00–09:00, during the beginning of
the work schedule. However, the second is of several hours duration and may significantly
add to the stress of the external grid, which is already loaded during the afternoon ramp.
As regards the available electricity surplus, due to its timing in the morning and noon
hours, it is especially favorable to be allocated to charging the electric cars of employees
which are parked in the available charging lots.

To summarize the system’s performance during the three different seasons, we start at
Figure 19 with the two-months winter period. The increased requirements for electricity
imports from the grid, according to Category I, between 09:00–10:00 a.m., coincide with
the morning ramp of the Greek system’s load curve. The same observation is valid for
the time slot 16:00–19:00, where the demand for imports is maximized, coinciding with
the afternoon ramp of the Greek system’s load curve. The significant additional burden
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to the system, produced by the shifting from the standard category II requirements to the
increased Category I, is obvious.
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Figure 19. Correlation of the hourly imported—exported electricity during the two-month period
1.1–28.2, with the average hourly Greek system’s load for the same period. Category I versus Category II
indoor air quality requirements.

Continuing in Figure 20, with the neutral period of April—May, we observe, contrary
to the previous period, that the building has available electricity surplus for export or
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charging of electric vehicles, almost coinciding with the morning ramp of the system’s
load curve from the grid, between 08:00–11:00 am. That is, the building’s export capacity
is favorable to address the needs of the external grid, both for Category I and Category
II requirements. The situation reverses after 15:00, where a small demand for imports is
observed. However, this demand ceases after 19:00, where the late afternoon ramp of the
Greek system’s load is observed.
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Figure 20. Correlation of the hourly imported—exported electricity during the neutral two-month
period 1.4–31.5, with the average hourly Greek system’s load for the same period. Category I versus
Category II indoor air quality requirements.

Finally, the situation changes again during the hot summer period of July–August, as
seen in Figure 21. Only minimal requirements of short duration for electricity imports from
the grid, according to Category I, are observed in the early morning, following a previous
availability for export between 6:00–7:00. Thus, the morning ramp of the Greek system’s
load curve (7:00–12:00) is not affected. On the contrary, a moderate export availability
coincides with the morning ramp from 08:00–12:00. However, requirements for electricity
import from the grid are maximized between 15:00–20:00, thus challenging the afternoon
ramp of the demand curve. The significant additional burden to the system that is produced
by the shifting from the standard category II requirements to the increased Category I is
obvious also in this case.

As a next step, it would be interesting to study optimal regulation rules for on-
demand ventilation to be operated in the specific type of building, or to examine alternate
strategies to reduce the requirements of mechanical ventilation in office spaces that have
ample access to external windows. Another important issue is the design optimization
of the placement of inlet and exhaust grilles in each room or office space, aiming to
realize displacement ventilation [44]. This ventilation technique has been proven most
effective against virus transmission, initially studied in detail and supported by detailed
measurements for the design of inpatient wards [45]. Finally, the additional burden placed
by high-performance HEPA filters on the sizing of the ventilation system fans and the total
electricity consumption is a matter of special importance for the future.
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Figure 21. Correlation of the hourly imported—exported electricity during the hot summer period
1.7–31.8, with the average hourly Greek system’s load for the same period. Category I versus Category II
indoor air quality requirements.

4. Conclusions

This paper examines in detail the additional burden to the ventilation system that is
placed by the post-COVID-19 era, in a case study with an nZEB office building in Volos,
Greece. The reference ventilation system design based on the existing standards EN 16798-
1:2019 requires, according to the detailed calculations, the capability to supply a maximum
of 19,000 m3/h outdoor air for Category II, which is the normal level adopted in new
buildings and renovations. On the other hand, a good estimate of the added burden to the
ventilation system is made by assuming the increased outdoor air requirements of Category
I buildings of the same standard, with a high level of expectation for indoor air quality
which are recommended for spaces occupied by very sensitive and fragile persons with
special requirements. By adhering to these assumptions, the detailed calculations show that
the system must be capable of supplying a maximum of 27,000 m3/h of outdoor air to the
building. The comparative building energy simulation results of the alternative scenarios
indicate an increase in the ventilation fans’ annual electricity consumption from 33,600 to
70,000 kWh. As a result of this increase, and, as the associated increase in the ventilation
heating and cooling loads increase, the building shifts from a net electricity exporter of
4100 kWh (difference between exports and imports from the grid), to a net importer of
35,500 kWh per year, according to the worst-case scenario. This amounts to 18 kWh/m2y
of net primary energy, a figure that challenges the nZEB character of the building. The
increased electricity consumption of the Category I ventilation rates reduces electricity
quantities that otherwise would be profitably available for charging the employees’ electric
vehicles during the morning. As a means to reduce added costs, the oversized equipment
could be operated in a demand-driven ventilation mode, which means that, during the
normal operation (outside of COVID-19 episodes), the ventilator motors would be regulated
at a reduced speed by their inverters. Also, the effect of advanced HEPA and electrostatic
filters to the electricity consumption of the ventilation system needs to be carefully assessed
and optimized in future research work.
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Appendix A

More detailed data on the location, climate and building envelope characteristics are as
follows. The building is located in Volos, a coastal Greek city at latitude 39◦21′ and longitude
22◦56′. It has a warm, temperate climate, with average temperatures ranging between 8–10 ◦C
in winter and 25–28 ◦C in summer. Annual precipitation is at 500 mm levels.

Table A1. Building insulation data (U-values).

Shell Type Layers U (W/m2K)

Roof insulation Reinforced concrete slab, extruded polystyrene,
lightweight concrete, ceramic tiles 0.272

Concrete column Reinforced concrete, extruded polystyrene 0.324
Outside wall Ceramic brick, extruded polystyrene, ceramic brick 0.319

Floor insulation Reinforced concrete slab, extruded polystyrene 0.443

Insulation values (Table A1) adhere to the stricter Greek standards. Double-glazed
windows with U = 1.29 W/m2K and g = 0.333 (Solar Heat Gain Coefficient). Average window–
to-wall ratio is 0.29. Shading applied to the vertical openings, with shading coefficients from
0.5 (south-facing openings) to 0.8 (north-facing). Ventilation according to the requirements of
EN 16798-1:2019 [28]. The operation schedule assumes working hours 8:00–20:00 on weekdays
and 09:00–14:00 on Saturdays. High-efficiency LED lighting has a peak electricity consumption
of 5 W/m2 in office spaces. Office equipment 200 W per employee.

Table A2. Water–water heat pump efficiency data for heating and cooling modes.

Heating Mode: Ground Loop Water Temperature [◦C]
18.0 15.0 13.0 10.0 8.5 7.0 4.5 2.0 0.0

kW thermal 271.4 255.4 241.9 228.8 216.0 209.7 193.2 183.0 173.0
KW 46.8 45.6 44.8 44 43.2 42.8 42 41.6 41.2
COP 5.8 5.6 5.4 5.2 5 4.9 4.6 4.4 4.2

Cooling Mode: Ground Loop Water Temperature [◦C]
20 25 30 35 40 45

kW thermal 201.6 198.9 196.1 194.2 185.6 177.8
kW 48 51 53 55.5 58 63.5

COP 4.2 3.9 3.7 3.5 3.2 2.8
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