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their thermal comfort. The simulation was achieved 
by identifying non-critical mechanical equipment 
and turning them off for 2  h. A processing station 
for demand response and energy monitoring deliv-
ered the demand response signal to the site’s building 
management system. The results show that this site 
had a flexibility potential of 45 kW, which is consid-
ered too low to participate in the demand response 
market, as Irish aggregators favor sites that can offer 
over 250-kW flexibility. However, the indoor ther-
mal conditions remained within reasonable ranges 
and the occupants did not notice the impact of the 
demand response event. This shows that theoretically, 
if smaller sites were allowed to sell their flexibility to 
the electricity market, such leisure centers could par-
ticipate in demand response services without impact-
ing occupants’ comfort.

Keywords Demand response · Flexibility · Indoor 
air quality · Thermal comfort · Leisure center

Introduction

The electricity grid is a network of transmission and 
distribution lines that transport power from where 
it is generated (such as power stations and renew-
able energy installations) to where it is used (such 
as buildings and street lights). To ensure grid stabil-
ity, electricity supply must match electricity demand 
at all times. Demand response (DR) is the shifting 

Abstract Many assets that are normally installed 
during an energy-efficient building retrofit can also 
be used to provide flexible services to the electricity 
grid. By turning off or turning down some mechani-
cal systems during peak times, it is possible for a 
building to reduce its load on the electricity network. 
A field demand response event was simulated at a 
leisure center in Ireland to evaluate the suitability of 
the site to participate in the Irish demand response 
market, to assess how much flexibility it can provide, 
how much the indoor conditions changed during the 
test, and to examine whether these remained within 
satisfactory limits. A survey was conducted to deter-
mine whether the occupants perceived any changes to 
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or shedding of demand for electricity during periods 
with high electricity prices or electrical grid stress 
in order to balance the supply and demand for elec-
tricity. DR can be particularly useful in reducing the 
dependency of the electricity network on inefficient 
fossil-fuel plants during periods of peak demand or 
to reduce stress on the electricity grid during extreme 
weather conditions (Panfil, 2014). A further benefit of 
DR is that it can also be used to reduce the problems 
caused by the intermittent and distributed generation 
from renewable energy sources by stabilizing both the 
physical electricity grid and the electricity market.

The US Department of Energy defines demand-
side management as the “planning, implementa-
tion and monitoring of utility activities designed to 
encourage consumers to modify patterns of electric-
ity usage, including the timing and level of electricity 
demand” (Leonard, 1998). DR provides an opportu-
nity for consumers to become prosumers (both pro-
ducers and consumers of energy). They can do this 
by either exporting energy to the grid or by reduc-
ing equipment usage during peak usage periods, 
in response to time-based rates (such as time of use 
pricing, critical peak pricing, variable peak pricing, 
real-time pricing) or other financial incentives set by 
the electricity network operator. The reduction of the 
equipment’s electrical usage is normally achieved by 
turning down or turning off non-critical equipment 
for a specified period of time or even shifting the time 
of operation to a non-critical period for the electric 
network. While there are great benefits to demand 
response, turning down or turning off heating, ven-
tilating, and air conditioning (HVAC) systems for a 
short period of time generates changes in the indoor 
temperature, therefore impacting the thermal comfort 
of occupants. There is a need to study the effect of 
demand response on the building occupants to bet-
ter understand its impact on their thermal comfort, 
health, overall well-being, and productivity (Aghni-
aey et al., 2019).

This study examined the potential for the provision 
of demand response services through load shedding 
in a typical leisure center in Ireland and the impact 
that this could have on the perceived thermal com-
fort of the building occupants. The particular leisure 
center in this study uses a combined heat and power 
(CHP) unit to provide the majority of its usual heating 
and electrical requirements and is unable to export 
excess electrical power to the grid due to the lack of 

grid synchronization equipment. This means that the 
real-world opportunities for this site to participate in 
demand response are limited in this case. Neverthe-
less, the study gives an indication of the magnitude of 
the demand response opportunity for a site that does 
have the ability to export onsite generation capac-
ity to the electricity network, and the load shedding 
potential for a similar site without any onsite genera-
tion equipment.

Occupant thermal comfort

ASHRAE defines thermal comfort as “the condition 
of mind that expresses satisfaction with the thermal 
environment and is assessed by subjective evaluation” 
(American Society of Heating Refrigerating Air-
Conditioning Engineers, 2017). According to some 
studies, females are more likely than males to express 
thermal dissatisfaction with room temperature and 
tend to notice deviations from the optimal tem-
perature range more acutely than men (Karjalainen, 
2007). The difference in thermal needs of females and 
males has been argued to be attributed to clothing dif-
ferences (Karjalainen, 2012). The evidence to prove 
the difference between female and male thermal com-
fort comes mostly from field studies; however, there 
is little laboratory evidence to support this, meaning 
that evidence is anecdotal and perhaps circumstan-
tial. Fanger found that women are more sensitive to 
fluctuations in thermal levels than men and tend to 
feel cooler when conditions are cooler, but concluded 
that for identical clothing and activity, there were few 
gender differences in warmer conditions (Fanger, 
1970). Because women have lower skin tempera-
ture and evaporative loss when compared to men, it 
compensates for the lower overall metabolic rate of 
women. This led Fanger to deduce that human ther-
mal perception does not vary with gender (Fanger & 
Langkilde, 1975). Age, gender, weight, body fat, and 
thermal history are all factors that have been seen to 
influence thermal comfort levels in individuals (Lan 
et al., 2008; Van Hoof, 2008).

Demand response and thermal comfort studies

There have been several studies analyzing the 
impact of demand response control strategies on the 
thermal comfort of building occupants. However, 
most of them employ building simulation tools or 

 91 Page 2 of 15 Energy Efficiency (2021) 14: 91



 

1 3

experiments in climate-controlled chambers rather 
than field tests in active real-world buildings due to 
a range of barriers that prevent commercial buildings 
from being able to offer their flexibility potential to 
the market. The variation in demand response mar-
ket maturity throughout Europe currently makes par-
ticipation impossible in some countries, and the strict 
pre-qualification conditions and high minimum load 
requirements set by regulators constitute major barri-
ers to entry to owners and operators of commercial 
buildings.

A study using the IDA Indoor Climate and Energy 
simulation tool investigated the impact of demand 
response on thermal comfort and energy cost in 
detached residential houses in a cold climate (Alimo-
hammadisagvand et  al., 2017). It concluded that the 
lowest acceptable indoor air and operative tempera-
tures can be reduced to 19.4 °C and 19.6 °C, respec-
tively. In another investigation, the thermal comfort 
of 56 participants was examined while direct load 
control conditions were simulated in a climate cham-
ber. Direct load control is a demand response pro-
gram in which specific appliances are cycled on and 
off during peak demand periods. The outcome of the 
experiment shows that only half of the direct load 
conditions were acceptable to the participants (Zhang 
et al., 2016).

An experiment at the University of Georgia ques-
tioned 1381 university students in 46 classrooms 
about their thermal perception during periods when 
zone temperatures were adjusted (to simulate a build-
ing’s reaction to a demand response event) (Aghni-
aey et  al., 2018). The results showed that the occu-
pants’ perception of thermal comfort improved as the 
air temperature increased, and the majority of stu-
dents was satisfied with the indoor air temperature. 
They concluded that the zone temperatures could be 
increased from 20  °C up to 26  °C without signifi-
cantly compromising occupant thermal comfort.

A field study on air-conditioned offices in Califor-
nia showed that raising the cooling temperature set 
point by more than 1.7  °C resulted in a dissatisfac-
tion rate of more than 20% (Xu, 2009). A later study 
conducted on a university campus found that there is 
potential for temporarily increasing the cooling tem-
perature set points by at least 2 °C across the campus 
without impairing occupant thermal comfort (Agh-
niaey et al., 2019). Another test carried out in Korea 
in air-conditioned open office spaces showed that the 

occupants feel comfortable even at 28 °C, which cor-
responds to an increase in set point temperature of 
2 °C (Zhang et al., 2011).

All of these trials show that thermal comfort is 
highly subjective, that the climate plays an important 
role in how people perceive comfort, and that theo-
retical simulations do not necessarily represent real-
life behavior. This article presents a demand response 
event simulation that was carried out in October 2018 
to determine the feasibility of demand response in 
small- to medium-sized leisure centers, while assess-
ing its impact on the indoor air conditions and the 
perception of thermal comfort of the occupants. Due 
to regulatory restrictions, the building could not par-
ticipate in a real demand response event so equipment 
was connected to the building management system 
(BMS) to send signals that would simulate a request 
from the transmission system operator (TSO). This is 
the first study that tries to quantify the magnitude of 
the flexibility available in typical Irish leisure cent-
ers to determine if this type of building could be a 
good candidate for participating in demand response 
programs.

This investigation was undertaken as part of the 
NOVICE project, which showed that energy-efficient 
building renovations often result in smarter build-
ings that are better able to manage energy consump-
tion. This increased smartness and controllability 
create opportunities for the building to participate in 
demand response events. By combining the revenue 
streams from demand response and energy efficiency 
measures, the payback period for the investments 
in the building renovations can be reduced, which 
strengthens the business case for energy-efficient 
building renovation and could help to accelerate the 
market uptake of energy performance contracting in 
Europe. While it was considered outside the scope of 
this study to examine the rebound effect (i.e., the idea 
that after participating in a demand response event 
the building must use additional energy to recover 
the conditions to their normal operating range), the 
concept was explored in another study undertaken 
by the NOVICE project that modeled the revenue 
streams and costs of implementing energy efficiency 
and demand response measures in different build-
ing archetypes (Amann et  al., 2020). The analy-
sis assumed that revenues obtained from demand 
response events had to cover the rebound effect. 
Because the cost associated with the rebound effect is 
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considerable, the demand response revenues reduced 
significantly in certain cases.

General description of the building

The building that was used for testing is the Ballymun 
Sports and leisure center (Fig. 1), which is located in 
the area of Ballymun, North Dublin, Co. Dublin, Ire-
land. It was built as part of a mixed-use development 
including apartments, retail, and belowground park-
ing. The construction of the center was completed in 
2005 and subsequently underwent a series of energy 
efficiency upgrades, as part of Ireland’s first pub-
licly procured Energy Performance Contract (EPC) 
in 2017. EPC is a “pay for performance” approach to 
installing and operating energy technologies on a site, 
where the cost savings are guaranteed by an Energy 
Services Company (ESCO) (Sustainable Energy 
Authority of Ireland, 2020).

The EPC upgraded the BMS and control systems 
in the building, which allowed better control of a 
greater range of equipment and made it possible for 
the site to participate in demand response events.

Building function

The main function of the building is as a sports and 
leisure facility, comprising of a swimming pool hall 
(shown in Fig.  2) with a 25-m pool and an activity 
pool with slides. There is also a large sports hall con-
taining exercise machines, an adjacent weights room, 
a spinning room, cardio gyms, an aerobics studio, 
and a dance studio. Large “wet” changing rooms are 
provided of the pool hall and “dry” changing rooms 
are provided for users of all areas except the pool. All 
user areas are on one floor and a large air-handling 
plant room is located over the foyer, while a large 
basement plant room is located below the pool and 
foyer area.

Fig. 1  Ballymun Sports 
and leisure center

Fig. 2  Ballymun leisure 
center pool hall
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Building construction

The leisure center is an L-shaped construction, facing 
east/west. The building consists of a double-height 
pool hall with a curved steel trapezoidal pitched roof 
system with load-bearing glulam beams and steel 
cable supports. The walls are made of concrete con-
struction for the foundation and glass façade with 
aluminum and steel frame with areas of cladding and 
vents. The building’s conditioned spaces are mainly 
on the ground floor located over a basement car park 
and the pool plant room.

Occupancy

The center is operated for 17 h per day (06:00–23:00), 
during weekdays, with early closing on Fridays 
(06:00–21:00) and for 8 h per day during the weekend 
(09:00–17:00). There are about 230,000 visitors per 
year, which is approximately 630 people per day on 
average.

Electrical equipment

As part of the EPC, the Ballymun Center upgraded 
all lighting in the building to energy-efficient LED 
lighting. There are 10 extraction fans throughout the 
building with a power rating of 0.25 kW each, tread-
mills (22  kW), a steam room generator (6  kW), a 
sauna heater (6 kW), and several miscellaneous appli-
ances of small power rating.

Heating, ventilating, and air conditioning system

The building’s low-pressure hot water (LPHW) is 
heated via six Victrix Pro 120-kW modular pack of 
condensing gas boilers which are connected to the 
LPHW circuit via a 690-kW heat exchanger. A nat-
ural gas-fired CHP unit (EGE-06L) of 110  kWe/185 
 kWth was installed as part of the EPC contract and 
provides an additional 186  kWth of heat to the LPHW 
system giving a total heating capacity of 875 kW. It is 
estimated that the CHP run hours are 4050 h/annum.

Heat is delivered to most areas of the building via 
air-handling units (AHUs) which supply heated fresh 
air and provide humidity control to the main condi-
tioned spaces of the leisure center. Some of the units 
are fitted with variable speed drives (VSDs) and vari-
ous forms of heat recovery. The AHUs are controlled 

by a centralized BMS controller. The damper posi-
tions and the air change rates are also controlled via 
the BMS system to minimize the volume of fresh air 
that requires heating. Each AHU operates its own set 
point temperatures to maintain comfort levels within 
the spaces as per the recommended comfort condi-
tions given in CIBSE guide A (Chartered Institution 
of Building Services Engineers, 2006).

Energy use

The leisure center is metered separately from the rest 
of the multi-use development. During the 2018 calen-
dar year, the site consumed 299,897 kWh of electric-
ity and 1,873,544 kWh of natural gas, giving a total 
site energy consumption of 2,173,441 kWh/annum.

The CHP unit generates approximately 311,850 
kWh of electricity. No electricity is exported from 
the site, as the CHP unit does not have the necessary 
synchronization equipment required for export to the 
grid. The CHP control strategy is therefore electri-
cally led and all electricity is used on site with the 
CHP covering the majority of the building’s electrical 
load during normal operation.

Indoor operating conditions

Comfort conditions and set points are maintained as 
per CIBSE guide A (Environmental Design) recom-
mendations for space function–summer/winter opera-
tive temperatures. All temperature set points and 
setbacks are scheduled in the BMS controller and 
are given in Table  1. There is also a refrigeration-
based cooling unit on the main gym air-handling unit 
(AHU) with a 16 °C set point temperature and a per-
missible comfort range of 15–17 °C.

Demand response event simulation

Due to the current regulatory framework and tariff 
structures in Ireland, the site could not participate 
in a real demand-side response event triggered 
by the transmission system operator (TSO). The 
flexibility potential of the site was considered too 
low to be of interest to the TSO and the potential 
revenues were too small to be of interest to Irish 
demand response aggregators. Therefore, in order 
to artificially “trigger” a demand response event 
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at the desired time, a processing station was con-
nected to the site’s BMS which simulated a dis-
patch signal from the TSO. At the start of the 
simulated demand response event, the process-
ing station sent signals to the BMS to change set 
points and other controllable operating parameters 
in a way that resulted in relevant equipment being 
turned down or turned off.

The simulated DR event was limited to load 
shedding and demand reduction and did not include 
any form of frequency response. Although larger 
revenues are available for the provision of services 
like fast frequency response, the site scale and asset 
profile did not allow access to these schemes. This 
may have been different if the demand response 
had been considered as part of the original EPC, as 
a detailed analysis of the opportunity for fast fre-
quency response might have justified battery stor-
age investment. Export of excess CHP capacity to 
the grid was also not considered, as the site does 
not have a maximum export capacity (MEC), which 
allows a behind the meter generation asset to be 
paid to export electricity to the grid when required. 
Currently, in this jurisdiction (Ireland), it is not 
financially or operationally viable to be awarded a 
MEC from the distribution system operator (DSO).

Methodology

The demand response event was simulated at the 
Ballymun leisure center by turning down or turning 
off non-essential equipment for 2 h on Wednesday 3 

October 2018 from 17.00 to 19.00. This particular 
time was selected because weekday evenings are nor-
mally the busiest periods for the leisure center; there-
fore, it represented the worst-case scenario for turning 
off HVAC equipment.

The CHP normally provides most of the base-
load electricity for this building so to measure the 
turn down potential of a hypothetical leisure center 
similar to this one, the CHP was turned off via the 
BMS before the demand response event started. This 
forced the site to draw all of its electrical load from 
the electricity grid, allowing the total site electric-
ity consumption to be measured more easily at the 
point where the main electricity supply entered the 
building. The building’s BMS system automatically 
records total electricity consumption every 15  min. 
As this time interval is considered too large to reg-
ister, the finer details in power change due to the DR 
event; a data logger was installed at the main electri-
cal incomer to record the electrical power consump-
tion at 1-min intervals.

After turning off the CHP, the demand response 
event was started by using the processing station to 
send a signal to the BMS to force the following non-
essential equipment to turn off or turn down: (i) all 
air-handling units, (ii) all extraction fans, except for 
the toilets, (iii) all low-pressure heating water pumps, 
excluding domestic hot water (DHW), and (iv) some 
non-essential water pumps. After 2 h, which is con-
sidered the maximum likely duration of a load shed-
ding event in Ireland, the communication equipment 
sent a further signal to the BMS to return all settings 
to their normal operating parameters, signaling the 
end of the simulated DR event. The CHP was also 
turned on and the building was allowed to return to its 
normal operating conditions.

The temperature, relative humidity, and  CO2 
levels were monitored using a handheld meter 
prior to, during, and at the end of the simulation 
to check that they remained within acceptable lev-
els throughout the DR event. These measurements 
were recorded for the three most densely occupied 
spaces; the pool, the gym, and the reception area. 
For these spaces, the data logger was placed in the 
same areas for each repeated measurement to ensure 
consistency in the measurements. These results 
were then analyzed to assess whether the values 
remained within the acceptable comfort range. 
The pool’s water quality monitoring equipment 

Table 1  Heating set point temperatures

Zone Temperature (°C)

Set point/setback Permissible 
comfort range

Pool water temperature 29 28.5–29.5
Pool hall 30 29–31
Sauna 80/90 79–91
Steam room 47/50 46–51
Main gym 16/18 15–19
Aerobic studio 16/18 15–19
Foyer/reception 18/22 17–23
Changing rooms 18/22 17–23
Communal areas 18/22 17–23
Staff rooms 18/22 17–23
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continued to operate throughout the event, to ensure 
that the quality of the pool water did not deviate 
from normal operating parameters.

Occupants of the leisure centers were surveyed 
to determine whether they noticed any change in 
conditions inside the leisure center during the simu-
lated DR event and therefore, whether participating 
in such an event could affect their thermal comfort 
levels. Their perception of the temperature, humid-
ity, and air quality was evaluated using a range of 
questions where participants were asked to rate 
their level of satisfaction for each parameter. These 
related to the reception area (where the survey took 
place) and any other areas of the leisure center 
where they spent the most time during their visit, 
on the day in question. The questions were carried 
out by one surveyor using an iPad. The respondents 
to the survey before the demand response event are 
considered as the control group, compared with 
respondents during the event. The control group 
serves as a benchmark to measure the results of the 
experiment and helps to rule out alternative expla-
nations of the experimental results. The participants 
were not told that a demand response event was tak-
ing place, to avoid influencing their answers. The 
final question of the survey asked if they noticed a 
change in conditions during their time in the build-
ing. This question was deliberately asked at the 
end of the survey, to avoid leading people towards 
thinking about changing conditions and potentially 
influencing their answers on thermal comfort.

Equipment for the demand response event

For the simulation, a processing station for demand 
response and energy monitoring was installed. It 

consisted of a control panel and a set of rope current 
transformers. The control panel delivered the demand 
response signal to the site’s BMS systems that trig-
gered the DR simulation test. It also recorded the load 
(kW) of the site prior, during, and at the end of the 
simulation event. The temperature, relative humid-
ity, and  CO2 monitoring were conducted by hand-
held devices, on the day of the trial. The survey with 
building occupants was carried out by one surveyor, 
interviewing building occupants, and recording their 
answers using an iPad.

Results of the demand response simulation

Available power

The electrical flexibility available through the turn 
down of equipment at the Ballymun leisure center is 
approximately 45 kW. Figure 3 shows the power con-
sumption of the Ballymun leisure center before, dur-
ing, and after the demand response event. The peak, 
at approximately 16.30, has a maximum value of 
85 kW and shows the impact of the CHP unit turning 
off and the electrical power consumption of the site 
switching to the electricity grid. It can be seen that 
when the demand response event begins at around 
17.00, the consumption initially drops to 30 kW. The 
smaller peaks and troughs during the event (between 
17.00 and 19.00) show the essential equipment turn-
ing on and off to maintain safe operating conditions. 
The power consumption in this time period fluctu-
ates between 30 and 40 kW. The flexibility potential 
available to the grid through load shedding is there-
fore approximately 45 kW and is represented by the 
difference between the maximum power consumption 

Fig. 3  Power at Ballymun 
leisure center before, dur-
ing, and after the demand 
response test
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before the DR event and maximum power consump-
tion during the test. The significant drop in power 
consumption following the end of the demand 
response event (at 19.00) shows the CHP coming 
online again, to return the building to normal operat-
ing conditions.

At the time of the test, in Ireland, aggregators usu-
ally only consider sites with available flexibility of 
more than 250  kW, for participating in the demand 
response market. This shows that this site, and pos-
sibly other leisure centers, is not yet suitable for sell-
ing their flexibility to the grid under today’s demand 
response regulations. If the correct synchronization 
equipment had been installed with the CHP at the 
time of the EPC, then the flexibility potential would 
be higher. By ramping down the site demand to 
40 kW as shown by the simulation, while ramping up 
the CHP to the maximum electrical load of 110 kW, 
this would allow the building to export approximately 
70 kW. This assumes there is enough thermal capac-
ity to store all the excess heat without dumping heat. 
To achieve this, the BMS could reduce the boiler out-
put, for example, to allow the excess heat of 185  kWth 
from the CHP to be used to heat the pool water.

Indoor air conditions

1) Indoor air temperature

Table 2 shows the variation in indoor air temper-
ature of three spaces in the Ballymun leisure center 
at the beginning, during, and at the end of the simu-
lated DR event. It can be seen that there is a change 
of approximately one degree Celsius in all spaces 
and that they stayed within the permissible ranges 
described in Table 1. It is unclear why there is a slight 

increase in the temperature recorded in the reception 
areas, but some differences in indoor air conditions 
related to the execution of the survey may have con-
tributed to this change. Firstly, our team member con-
ducting the experiment used a portable data logger 
and had to travel through the different zones (pool, 
gym, and reception area) at three different times: the 
beginning, the middle, and the end of the DR event. 
There is a direct access from the reception area to the 
pool, which means that the door was opened at least 6 
times by our team member, thus letting some warmer 
air escape from the pool area into the colder recep-
tion area. Another change in occupants’ behavior 
caused by the survey is that instead of people pass-
ing through the reception area quickly on their way 
out of the building, they were asked to stop for a few 
minutes, to answer the survey questions. This could 
have caused an increase in people density in the area 
and led to people remaining in this zone for longer 
than normal. The additional heat, from the increased 
occupancy of this space, could have led to an increase 
in the reception air temperature during the DR event.

2) Relative humidity

Table  3 presents the relative humidity levels at 
the Ballymun leisure center before, during, and at 
the end of the demand response event. The relative 
humidity increased from 70 to 99.1% in the pool 
area, but since the occupants are wet from enter-
ing the pool, it is likely they will not perceive this 
difference. The relative humidity levels in the gym 
area increased considerably (16% change), while the 
reception area saw only a 1% increase. It is there-
fore recommended to monitor the relative humidity 
levels closely during a demand response event, to 

Table 2  Indoor air temperature before, during, and after the 
demand response test

Zone Indoor air temperature (°C)

Beginning of DR, 
17:00 PM

During DR, 
18:00 PM

End of 
DR, 19:00 
PM

Pool 23.4 22.3 22.1
Gym 18.6 18.9 18.3
Reception 18.7 19.8 19.3

Table 3  Relative humidity before, during, and at the end of 
the demand response test

Zone Relative humidity (%)

Beginning of DR, 
17:00 PM

During DR, 
18:00 PM

End of 
DR, 19:00 
PM

Pool 70 75.7 99.1
Gym 64.1 68.7 74.7
Reception 66.4 64.5 67.1
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ensure that they remain within the acceptable com-
fort range.

3) CO2 levels

Carbon dioxide is a normal constituent of the 
atmosphere. Table  4 shows the acceptable  CO2 
values given by the European standard EN 13,779, 
which classifies the indoor air quality in four cat-
egories, from IDA 1—high air quality buildings—
to IDA4—low air quality buildings. ASHRAE 
recommends  CO2 levels not exceeding 700  ppm 
above outdoor levels (American Society of Heating 
Refrigerating Air-Conditioning Engineers, 2007).

Recent recommendations show that any levels 
above 1,000 ppm could cause potential health prob-
lems for occupants depending on the duration of 
exposure (Fig. 4).

Some of these health problems range from 
drowsiness, headaches, nausea, to more serious 
health problems such as toxicity or oxygen depriva-
tion and in even higher concentration, death could 
be a direct effect of  CO2 levels (Table 5).

There have been many studies that have analyzed 
the direct risks of increased indoor  CO2 concen-
trations for human health based on frequency and 
duration of exposure. Jacobson et  al. (2019) have 
carried a literature review (Fig.  5) and concluded 
that there is evidence that exposure even to levels as 
low as 1000 ppm could cause potential health risks.

It is therefore necessary to introduce outside 
fresh air to the building in order to dilute contami-
nants and odors in the indoor space. The volume of 
fresh air required depends on the occupancy rates 
and activities of occupants, while at the same time 
balancing energy conservation requirements.

Table 4  Acceptable  CO2 values for indoor air quality

Values were taken from European Standard EN 13,779

Category Quality CO2 above 
outdoor air 
(ppm)

IDA 1 High  ≤ 400
IDA 2 Medium 400–600
IDA 3 Moderate 600–1000
IDA 4 Low  ≥ 1000

Fig. 4  CO2 concentration levels versus occupants’ health 
problems ( source www. build era. com)

Table 5  CO2 levels and potential health problems

Values were taken from the Wisconsin Department of Health 
Services website (last revised on December 20, 2019)

CO2 levels (ppm) Potential health problems

250–400 Background (normal) outdoor air level
400–1000 Good air exchange
1000–2000 Complaints about drowsiness and poor air
2000–5000 Headaches, sleepiness, and stagnant, stale, 

stuffy air. Poor concentration, loss of 
attention, increased heart rate, and slight 
nausea may also be present

5000 Other gases could also be present. Toxicity 
or oxygen deprivation could occur. This 
is the permissible exposure limit for daily 
workplace exposures

40,000 Immediately harmful due to oxygen dep-
rivation
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Table 6 presents the  CO2 levels at the Ballymun 
leisure center, measured with the handheld portable 
data logger. The leisure center remained within a 
reasonable range of  CO2 levels during the demand 
response event, even though the non-essential 
HVAC systems were turned off. While the recep-
tion and the pool area saw small increases in  CO2 
levels (of 5% and 11%, respectively), the change 
in the gym area is significant (81%) and the indoor 
air quality changed from medium to low levels. An 
exposure of 2  h to levels higher than 1000  ppm is 
unlikely to cause health problems, but ideally, the 
indoor air levels should be kept under 1000 ppm, to 
minimize complaints from occupants. It is therefore 
recommended that  CO2 levels should also be closely 
monitored in the case of a demand response event.

Thermal comfort

The occupants of the leisure center were surveyed in 
the reception area before and during the simulated 
demand response event. The questions asked were 
carefully chosen to ensure they were not leading 
the participants in any way. To remove any bias, the 
respondents were told that the purpose of the survey 
was to check their level of thermal comfort to ensure 
more enjoyable visits in future and did not specifi-
cally refer to any demand response event. The par-
ticipants were asked to first comment on their comfort 
in terms of temperature, humidity, and air quality in 
the areas of the leisure center in which they had spent 
time (Fig. 6).

The most relevant question, regarding whether 
they noticed a change in conditions during their time 
in the building, was placed at the end of the survey. 
The reason for this was to ensure the respondents did 
not realize that this was the key question and to pre-
vent them from answering differently because of its 
importance.

The respondents indicated their thermal satisfac-
tion in the reception area (where the survey took 
place) and in any other area of the building where 
they had spent the previous 20  min. This is there-
fore counted as two votes per person, one for each 
area the user of the leisure center facilities had 
occupied. Satisfaction in the leisure center is only 

Fig. 5  Overview of potential health effects from Jacobson’s literature review

Table 6  CO2 levels before, during, and at the end of the 
demand response test

Zone CO2 levels (ppm)

Beginning of DR, 
17:00 PM

During DR, 
18:00 PM

End of 
DR, 19:00 
PM

Pool 745 745 784
Gym 593 942 1073
Reception 530 562 590
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relevant to the experiment if it differs during the 
demand response event, compared to during normal 
operating conditions.

Figure 7 shows the proportion of survey respond-
ents that noticed a change in conditions during their 
visit. The vast majority of the building users stated 
that they did not notice the change in conditions dur-
ing the simulated demand response event (in gray). A 
“correct” change is a change that was noticed by the 
respondents during the event and is also supported by 
the measurements of the temperature, relative humid-
ity, and  CO2 levels in the leisure center at those times. 
A change that was noticed outside of this time, before 
(in the control group), or after is considered “incor-
rect,” as it was not caused by the simulated demand 
response event conditions.

The survey indicates that 76.5% of respondents 
did not perceive a change in thermal comfort, while 
11.8% of interviewed occupants noticed the same 
change in conditions that is supported by the metered 

results. A further 11.8% of the respondents stated that 
they noticed a change in conditions that occurred out-
side of the test period; therefore, these changes do not 
relate to the demand response simulation.

Changes noticed

The breakdown of the results is shown in Fig. 8. One 
correct response was that it became colder in the pool 
area, near the middle of the event; this is substanti-
ated by the measured data. The air in the pool hall 
became 0.7 °C to 1.1 °C colder during the event. The 
exact time that this change occurred cannot be deter-
mined with hourly recordings. The faster a change 
occurs, the more likely an occupant is to notice the 
said change. The second correct response was that 
it became more humid in the reception area. This is 
also considered a correctly identified change, as this 
building occupant answered the survey at the end of 
the DR event, when measurements show that relative 

Fig. 6  Survey questions asked to the occupants of the leisure center
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humidity in the reception area had indeed increased. 
Even though this answer came at the end of the DR 
event, the occupant had been present on site for the 
whole test; therefore, his answer is considered as 
being part of the DR event period.

Nine people answered the questions before the 
test, and eight people answered during the test. Since 
the people were interviewed while leaving the gym, 
the number of respondents was limited due to the 
short period of 2 h of the DR event. Due to the low 
numbers of participants, it is difficult to accurately 
or certainly say that there was no change in comfort 
levels. However, the results compiled show little to 
no dissatisfaction in the leisure center and indicate 
that this type of turn down demand response event 
could be implemented in leisure centers, with lit-
tle to no impact on thermal comfort, given the right 
conditions. Further experiments would be needed to 
verify this result, ideally repeating the test on a very 

cold day in winter and a very warm day in summer, to 
check if these results have any weather dependency.

General satisfaction results

Figure 9 shows the overall satisfaction results in terms 
of air temperature, relative humidity, and air qual-
ity. Overall temperature satisfaction throughout the 
test was acceptable. There appears to be a significant 
change in how people perceive the thermal levels in 
the leisure center throughout the experiment. Before 
the test, the overall temperature satisfaction follows 
a bell curve, with 44% of respondents indicating that 
the temperature was “Just Right.” During the test, the 
majority of respondents (81%) was completely satis-
fied with the indoor temperature.

Humidity satisfaction varied; however, the over-
all majority of respondents (69%) indicated that the 
humidity was just right or only slightly too humid 

Fig. 7  Ballymun leisure 
center survey results on 
thermal comfort

Fig. 8  Breakdown of 
survey results at Ballymun 
Center
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(“4” and “Just Right”). The responses did not differ in 
trends before and during the demand response event. 
Approximately the same number of people responded 
to each category in both time periods. However, the 
most extreme negative response occurred during the 
event. It is to be expected that the humidity in a pool 
area is greater than ideal indoor levels. Therefore, a 
lack of complete satisfaction with the humidity levels 
is acceptable.

Air quality satisfaction increased during the 
demand response event, compared to before. Before 
the test, the air quality in the leisure center was the 
same as normal operation, showing that the control 
group indicated a varied response to the air quality. 
The portion of the respondents that indicated the air 
quality was acceptable (“4” and “Just Right”) before 
the demand response event was just 44%, compared 
to the period during the simulation where that per-
centage went up to 88%.

Factors that influence the results

Some of the potential factors that could influence 
the perception of the thermal comfort of survey par-
ticipants, while at the leisure center, were recorded 
during the survey. The type of exercise each 
respondent had performed immediately before the 
survey and the type of clothing they wore was doc-
umented. In general, those who had been engaged 
in walking, gentle exercise, or intense exercise 
show the highest portion of satisfactory response 
with the indoor air temperature and humidity lev-
els. Swimmers generally had a poor perception of 
the air quality, as there were equal numbers of posi-
tive and negative responses. The number of layers 

of clothing worn by an occupant could affect their 
perception of the temperature and other indoor con-
ditions. The analysis of the clothing items the occu-
pants were wearing shows that they were dressed 
appropriately, considering the weather and type of 
exercise they were performing. Those performing 
intense exercise all wore a top with short sleeves 
and no jacket, while the majority of those per-
forming less intense activities wore tops with long 
sleeves and sometimes had a light jacket on as well.

The weather in October of 2018 was highly erratic 
with the highest temperature of 19 °C, the lowest tem-
perature of − 4 °C, and the humidity ranging from 43 to 
100% in the month. However, the outdoor conditions 
did not vary greatly during the 2-h period of the test. 
The air temperature was 16 °C at 17:00 and 14 °C at 
19:00, the outdoor RH changed from 77 to 88% from 
17:00 to 19:00, and the sky was predominantly cloudy 
on the day of the test. The two degrees Celsius decrease 
in outdoor air temperature does not seem to have been 
felt by the occupants, even though the equipment was 
turned off for 2 h. This indicates that the building fab-
ric was able to maintain comfortable indoor conditions 
during the demand response event.

From the previously mentioned studies on thermal 
comfort, it can be seen that gender may impact the 
participant’s response to the survey. More than half 
of the participants were male (61%). This could mean 
the results are not taking female sensitivity of temper-
ature into account sufficiently for concrete results. In 
order to have unbiased results, in any future re-run of 
the trial, more effort should be made to ensure a bal-
anced gender distribution from leisure center users.

The impact of age and body weight on the results 
was not considered in this study.

Fig. 9  Overall satisfaction 
rate before and after the 
DR test
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Conclusion

A demand response event was simulated in October 
2018 in a leisure center in Dublin with two objec-
tives: (i) to determine the amount of flexibility avail-
able in small to medium-sized leisure centers through 
load shedding and (ii) to evaluate the impact on the 
indoor air conditions and the perception of thermal 
comfort of the occupants.

The study found that small- to medium-sized lei-
sure centers could potentially have available flex-
ibility of 45  kW through load shedding, which is 
considered too small to be able to participate in the 
demand response market under current regulations in 
Ireland. An aggregation of similar centers or larger 
leisure centers might be more suitable to participat-
ing in demand response events than smaller setups, 
but this is not enough to be attractive to grid opera-
tors and demand response aggregators at this time. 
For a site with a small turn down capacity, installing 
a CHP with thermal and electrical storage as part of 
an energy efficiency project may allow access to the 
capacity and frequency response markets if market 
conditions allowed and thus bring the site into the 
scope of aggregators. For a small- to medium-sized 
leisure center, a CHP unit could allow the building 
to export approximately 70  kW of electrical power, 
which would increase the flexibility potential of the 
site by 55%.

The demand response event was simulated through 
determining the non-critical equipment in the leisure 
center, and turning it off or down for 2 h, to replicate 
a typical demand response event. In conclusion, the 
vast majority of occupants in the leisure center did not 
notice that a demand response event occurred, caus-
ing small changes to the conditions inside the space. 
The temperature in all monitored areas remained 
relatively consistent, deviating by approximately 
1 °C in most cases. However, humidity and  CO2 lev-
els changed more significantly, indicating that these 
would need to be monitored closely during any par-
ticipation in a real demand response event, to ensure 
that comfortable levels are maintained at all times.

To take advantage of its full demand response 
market potential, it is recommended that smaller 
sites should be allowed to participate in flexibility 
programs. Future work could look into simulating 
the demand response event in different months of 

the year, to assess if the impact on occupants’ ther-
mal comfort changes with respect to outdoor air 
conditions.
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