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Abstract
Heat pump water heaters are highly efficient hot water supply systems that effectively utilize the heat of outdoor air via 
heat pump technology. Many studies have been conducted to optimize the design and operation of heat pump water heaters 
from the perspective of climate change mitigation. Air-source heat pump water heaters, which absorb heat from the outdoor 
air and emit cold exhaust, can also be expected to alleviate the urban heat island effect; however, this has not been studied 
extensively. To estimate the impact of cold exhaust on building-scale climate, we conducted a multipoint measurement of 
the outdoor thermal environment around a low-rise apartment building equipped with air-source heat pump water heaters, 
in both summer and winter. Observations showed a substantial cooling effect that decreased air temperatures by 1 °C within 
the site boundary on summer nights when multiple heat pump water heaters operated concurrently. The analysis revealed 
that the sensitivity of the ambient temperatures to cold exhaust depends strongly on local atmospheric conditions. The most 
influential factor was the wind direction: the sensitivity increased significantly when the exhaust outlet location was at the lee 
side of the building. Naturally, the wind speed also affected the sensitivity, which tended to be higher when the wind speed 
was lower. The convective stability near the ground surface, however, showed no significant influence over the sensitivity.
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1 Introduction

According to IPCC AR4 WG2 (2007), it is now clear that 
mitigation alone cannot prevent the effects of climate 
change. Thus, the international community is promoting 
both mitigation and adaptation as ways to combat climate 
change. In particular, urban areas, which consume a large 
amount of energy, suffer from the combined impact of global 
warming and the urban heat island (UHI) effect. A balanced 
combination of measures consisting of mitigation and adap-
tation is required to tackle this issue.

Water heating accounts for a large percentage of total 
energy consumption in the domestic sector, estimated at 
14% in the USA (IEA 2018), 16.8% in the UK (BEIS 2019), 
and 29.1% in Japan (ANRE 2019); it is also a major source 
of  CO2 emissions. The air-source heat pump water heater 
(ASHPWH) system is a highly efficient hot water supply 
device that employs heat pump technology to effectively uti-
lize the heat of outdoor air. This is a technology expected to 
contribute to the mitigation of climate change by reducing 
 CO2 emissions.

The performance of ASHPWH systems is affected by 
characteristics of the external environment, such as outdoor 
air temperature and supply water temperature. Morrison 
et al. (2004) showed that according to experiment-based 
seasonal performance assessments, air temperature had a 
greater impact than water temperature. Yokoyama et al. 
(2007) noted that, according to numerical simulations, out-
door air temperatures have a significant impact on system 
efficiency and energy consumption. Guo et al. (2011) con-
ducted model simulations to improve design and operational 
optimization in terms of the thermal and economic perfor-
mance. Their results showed that the optimal starting time 
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is determined by the difference in the unit cost of electricity 
between day and night, but the optimal setting water tem-
perature is determined according to the seasonal change in 
the outdoor air temperature.

ASHPWH systems are less suitable for cold climates 
because low outdoor temperatures lead to reduced effi-
ciency (Singh et al. 2010); however, field experiments in 
the northeastern and northwestern parts of the USA have 
shown that the system coefficient of performance (COP) 
reaches 1.5 − 2.6 (Shapiro and Puttagunta 2016; Ecotope 
and NEEA 2015). This means a 40 − 65% reduction in sec-
ondary energy consumption compared to a conventional 
electric water heater or a gas water heater with thermal effi-
ciencies of around 0.9. Further improving the performance 
of air-source heat pumps (for space or water heating) at low 
temperatures has been a major focus in recent years, and 
numerous research studies have been carried out (e.g., Tello-
Oquendo et al. 2019; Kim et al. 2019; Wei et al. 2020a, b).

One problem with heat pump water heaters is that hydro-
fluorocarbons (HFCs), which are used as refrigerants, have 
an extremely high global warming potential (GWP). There-
fore, considering HFC leakage, it has been calculated that 
the lack of adequate performance in cold climates can lead 
heat pump water heaters to have the same environmental 
impact, in terms of greenhouse gas emissions, as gas water 
heaters (Johnson 2011). Thus,  CO2, which has a low GWP 
and performs excellently as a refrigerant, has been attract-
ing attention as a possible replacement for HFCs. Nekså 
et al. (1998) showed that a prototype heat pump water heater 
using  CO2 as a refrigerant yielded an annual average COP of 
around 4, even under climatic conditions in Oslo. In addi-
tion, an investigation by Cecchinato et al. (2005) using a 
simulation showed that the COP of  CO2-ASHPWH systems 
could reach between 4 and 5 in winter (with an outdoor air 
temperature of 10 °C) and between 7 and 9 in summer (with 
an outdoor air temperature of 30 °C).

There have been many studies focused on the dependency 
of COP, and other associated parameters, on outdoor air 
temperature; this is to optimize the design and operation of 
ASHPWH systems. This is done mainly from the viewpoint 
of climate change mitigation. However, the impact of the 
operation of ASHPWHs on outdoor air temperatures has not 
attracted as much attention. In theory, ASHPWHs are able to 
contribute to outdoor air cooling by reducing anthropogenic 
heat emissions, as explained below:

(1) The amount of energy consumed by a hot water 
system is equal to the final amount of heat emission. 
To obtain a heat output of 100 units in the form of hot 
water, a conventional gas-fired or electric water heater 
with a thermal efficiency of 0.8 requires 125 units of 
combustion energy, and ultimately emits a total of 125 
units of heat (100 units as hot water and 25 units as 

exhaust heat). In contrast, an ASHPWH with a COP of 
4 requires 25 units of electric energy and absorbs 75 
units of external thermal energy from outdoor air; this 
results in a heat output of 100 units. However, because 
75 units are emitted as cold exhaust, the amount of 
absorption takes a negative value, resulting in a net 
emission of 25 units (100 units as hot water and −75 
units as cold exhaust). Thus, ASHPWHs can greatly 
reduce heat emission compared to conventional gas/
electric water heaters.
(2) Cold exhaust from the outdoor units of ASHPWHs 
does not diffuse easily since it is on average several 
degrees Celsius cooler than the ambient temperature, and 
it therefore tends to sink. Thus, its effect on the air tem-
perature at ground level can be significantly greater than 
that from hot exhaust. In addition, the cold exhaust occurs 
at night when the atmosphere is more stable and has an 
enhanced cooling effect compared to that observed dur-
ing the daytime. Therefore, even if the net heat emission 
is positive, the cooling effect of the cold exhaust greatly 
exceeds the effect of the hot exhaust.
(3) While a significant portion of the heat from waste 
water would be conveyed far from the residential area in 
the city, cold exhaust is emitted on site. If we assume the 
residential area as the system boundary, it can be con-
sidered that ASHPWHs recover excess heat within the 
system and eventually dump the recovered heat out of 
the system.

A pronounced increase in nighttime temperatures com-
pared to the daytime equivalent is a common phenomenon 
in global warming (Karl et al. 1993; Alexander et al. 2006; 
Davy et al. 2016) and UHI (Clarke 1972; Oke 1982; Wilby 
2003); in cities, nighttime temperatures are found to be 
rising faster than daytime temperatures. For example, the 
daily maximum and minimum temperatures in Tokyo have 
increased at 1.3 and 2.9 °C per 100 years, respectively (JMA 
2020).

The various negative impacts of nighttime UHIs on the 
health of urban residents have become a serious social prob-
lem. Heat-related mortality is closely related to nighttime 
outdoor temperatures (Clarke 1972; McGeehin and Mirabelli 
2001; Yang et al. 2013; Murage et al. 2017). The urban mor-
tality rate during heatwaves was much higher than suburban 
and rural mortality rates. This is attributable to the higher 
thermal stress that occurs within cities, and in particular, the 
lack of adequate relief from thermal stress at night (Clarke 
1972). Although sleep disorders from high temperatures are 
minor non-fatal health problems, they have a high morbidity 
rate and thus, affect a larger population (Ihara et al. 2015). A 
significant correlation between outdoor temperature at night 
and the incidence of sleep disorders has been confirmed in 
many studies across different cities (Nastos and Matzarakis 
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2008; Narumi et al. 2016; van Loenhout et al. 2016; Obra-
dovich et al. 2017).

Nighttime UHI has also been associated with an appar-
ent increase in the incidence of indoor heat stroke at night. 
Heat stroke tends to be more severe at night as people are 
unaware of the onset of early symptoms during sleep. In 
2019, approximately half the heat stroke deaths across the 23 
wards in Tokyo occurred at night; 90.3% occurred indoors, 
and 82.2% were people aged 65 and older. Furthermore, 
in 85.2% of deaths that occurred indoors, air conditioning 
was not being utilized (Bureau of Social Welfare and Public 
Health 2019). Miyake et al. (2010) investigated the charac-
teristics of heat stroke patients in Japan and found that for 
indoor incidents, the proportion of air conditioning use was 
low among the elderly. Previous studies have shown that 
approximately 26–60% of elderly people do not use air con-
ditioning at bedtime (Shibata et al. 2010; Kayaba et al. 2013; 
Tanaka and Umeda 2015), as they prefer opening windows 
to allow for natural ventilation (Kayaba et al. 2013).

In general, the use of air conditioners is able to reduce 
health risks due to the indoor thermal environment (Bou-
chama et al. 2007; Karkour et al. 2021). Regardless, night-
time health hazards have become a serious issue, even in 
urban residential areas of Tokyo where air conditioning 
usage is widespread. Many residences in the mega-cities 
of tropical developing countries have low air conditioning 
penetration rates (IEA 2018), and there are concerns that 
increased nighttime temperatures associated with progres-
sive urbanization will increase the prevalence of serious 
health problems. Traditionally, in tropical regions such as 
South and Southeast Asia, natural ventilation is an effective 
passive solution to improve indoor thermal comfort by mini-
mizing the effects of hot and humid air (Kubota et al. 2018; 
Enteria et al. 2020). In the central regions of Japan which 
experiences large temperature fluctuations from season to 
season, natural ventilation has traditionally been empha-
sized in housing designs as opposed to than airtightness, 
and summer thermal comfort is prioritized (Yoshino et al. 
2007; Kobayashi 2018).

Many studies have evaluated the cooling potential of vari-
ous ventilation techniques, finding that nighttime ventila-
tion (i.e., the introduction of outdoor air at lower tempera-
tures), is more effective than daytime ventilation in terms 
of improving the indoor thermal environment (Kubota et al. 
2009; Michael et al. 2017; Oropeza-Perez and Østergaard 
2018; Suárez et al. 2018; Tuck et al. 2019). However, as 
indoor temperatures are highly correlated with outdoor 
temperatures (Tuck et al. 2019), the efficiency of nighttime 
ventilation is severely compromised if there is a considerable 
rise in nighttime outdoor temperatures.

These findings suggest that the elderly in Japan refrain 
from using air conditioning at bedtime due to traditional 
values favoring natural ventilation. Additionally, the rapid 

deterioration of the nighttime thermal environment under-
mines its effectiveness in improving the indoor thermal envi-
ronment, ultimately leading to an increase in health hazards. 
The widespread use of air conditioning alone is insufficient 
as an adaptive measure to address these health problems. 
The significant relationship between nighttime outdoor 
temperatures and health hazards suggests that measures to 
reduce nighttime outdoor temperatures may be effective.

Increasing the albedo of city surfaces or installing veg-
etated green surfaces are promising measures for alleviating 
the UHI, and many studies have been conducted to evaluate 
their effects (e.g., Rosenfeld et al. 1995; Savio et al. 2006; 
Synnefa et al. 2008; Chen et al. 2009; Zhou and Shepherd 
2010; Ng et  al. 2012). However, although these meas-
ures are effective in lowering daytime temperatures, their 
effects on nighttime temperatures are limited. Santamouris 
(2012) reviewed several simulation studies and showed that 
when the albedo of city surfaces is globally increased, the 
expected mean decrease in the average ambient temperature 
is approximately 0.3 °C per 0.1 rise in albedo, and the corre-
sponding average decrease of the peak ambient temperature 
is approximately 0.9 °C. Similarly, the average and peak 
values for cool roofs were 0.2 °C and 0.41 °C (per 0.1 rise in 
albedo), respectively; for green roofs, the average and peak 
values range from 0 (negligible) − 0.55 °C and 0 − 0.86 °C, 
respectively. Because the peak values appear during the day, 
the corresponding values at night are smaller than the aver-
age values, suggesting the difficulty of lowering the outdoor 
temperature at night.

Given this context, there is a need to verify the effec-
tiveness of the ASHPWH as a measure of nighttime UHI. 
The use of ASHPWHs to lower nighttime outdoor tempera-
tures in the vicinity of residential buildings and improve 
the indoor thermal environment by introducing cooled air 
through ventilation is a potential adaptation measure for 
climate change. The design and operation of ASHPWHs 
may be optimized for mitigative and adaptative measures 
in response to climate change; however, few studies have 
evaluated ASHPWHs as an adaptation measure.

To maximize the outdoor cooling potential of the ASH-
PWH, it is essential to understand the characteristics of 
anthropogenic-induced cold heat. Anthropogenic heat, artifi-
cial ground surfaces, and urban morphology have long been 
considered and studied as the three primary factors causing 
the UHI. It is known that the impact of these factors on city 
temperatures varies with time and season, and that anthro-
pogenic heat contributes greatly to the rise of temperatures 
at night and in winter (Atwater 1972; Ichinose et al. 1999; 
Kusaka and Kimura 2004; Fan and Sailor 2005; Ryu and 
Baik 2012). Kimura and Takahashi (1991) conducted an 
experiment using a regional climate model and found that 
anthropogenic heat has contributed to an increase in sur-
face temperatures in the Tokyo metropolitan area of 1 °C 
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during the day and 2 − 3 °C at night. Ohashi et al. (2007) 
used observations and simulations to compare the outdoor 
air temperatures during weekdays and holidays in office dis-
tricts in central Tokyo and showed that temperatures during 
the summer were 1 − 2 °C higher due to heat exhaust from 
air conditioners. As the impacts of anthropogenic heat on 
urban temperatures also depend on urban morphology, stud-
ies on this have also been conducted using computational 
fluid dynamics (CFD) simulation (e.g., Adelia et al. 2019).

However, these studies are aimed at hot exhausts, which 
have higher temperatures than ambient air. There are only a 
few previous studies on the effects of “cold exhausts,” from 
ASHPWH. The temperature impact of the assumed wide-
spread use of ASHPWH has been evaluated using numeri-
cal simulations from the mesoscale to the city-block scale; 
it is shown that a decrease of approximately 0.5 − 0.6 °C 
occurs at night in summer (Tamura et al. 2003; Yamagu-
chi et al. 2016) and the cooling potential is higher in dense 
residential areas (Takebayashi et al. 2009). However, this 
research is still in the preliminary stages, whereby observa-
tional measurements have not yet been conducted to verify 
the simulation results. Although these studies focus on the 
impact at various scales, it is difficult to verify the impact 
of cold exhaust at the broad-area scale in the current situ-
ation where ASHPWH is not yet widespread. Considering 
prospects for the spread of the ASHPWH in the future, it is 
meaningful to examine its outdoor cooling potential using 
building scale observations. This study recorded measure-
ments of the thermal environment near a low-rise residential 
apartment building equipped with ASHPWHs.

The cooling effect can be concluded directly in accord-
ance with the law of conservation of energy. As the ASH-
PWH absorbs heat from the ambient air around the target 
building, temperature reductions in the ambient air are 
likely. The research has the following two main objectives:

(1) To quantitatively measure the thermal environment at 
the building scale under actual uncontrolled ASHPWH 
operating conditions.
(2) To qualitatively analyze and identify meteorological 
factors that influence the effect of temperature reduction 
to achieve an approximate understand how the cooling 
effect depends on local atmospheric conditions, such as 
wind direction, wind speed, and thermal convection.

In terms of (1), a temperature drop of approximately 1 °C, 
which is comparable to the maximum daytime peak effect of 
cool and green roofs (Santamouris, 2012), would justify the 
implementation of further detailed studies and the considera-
tion of ASHPWHs as a promising countermeasure to night-
time UHIs in summer. Regarding (2), the measurements con-
ducted on a real house in this study have many constraints 
and a large degree of uncertainty. To conduct a quantitative 

analysis of the relationship between the amount of exhaust 
heat, local atmospheric conditions, and temperature reduc-
tion, experiments in a controlled environment are necessary. 
Such a quantitative analysis will be the focus of subsequent 
studies after the objectives of this study are achieved.

2  Methods and conditions

2.1  Outline of the measurement

We selected a low-rise apartment building in Shinjuku 
Ward, Tokyo, as our target building (Fig. 1). It is built of 
reinforced concrete with three floors aboveground (10.0 m 
height). The site has an area of 910  m2 (40.9 m × 22.3 m), 
of which the building occupies 230  m2 (27.5 m × 8.4 m), 
and the total floor space is 630  m2. It accommodates 16 
households, with an average occupied area of about 30  m2 
per household; 12 of these are single-occupancy, while 
the other 4 are double-occupancy. The occupants were 
not informed about the purpose of the observation to 
avoid influencing their hot water usage. A  CO2-ASHPWH 
(Corona, CHP-452) is installed in each apartment. A total 
of 12 outdoor units were placed in four vertical rows (col-
umns #1 − 4) by three horizontal rows (top, middle, and 

Fig. 1  a Location of columns of outdoor ASHPWH units and air 
temperature measurement points 1.5 m above ground at the site (top 
view). The red triangles indicate the measurement points for ground 
surface temperatures. b Location of outdoor ASHPWH units and air 
temperature measurement points along the northern wall of the build-
ing (front view). The measurement points only were set during the 
summer observation period
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ground floors) on the northern side of the building; the 
other four units were placed in two columns (#5 and #6) by 
two rows (top and middle floors) on the southern side. The 
site is surrounded by 2-m high fences. The northern and 
southern boundaries have blindfolded fences with no open-
ings, whereas the eastern and western boundaries have 
mesh fences with an opening ratio of approximately 90%.

The observation periods were August 20–September 10, 
2008 for summer and February 15–25, 2011 for winter. 
To measure the temperature of the outdoor air, thermis-
tor thermometers (T&D, RTR-52) fitted with solar shields 
were used. To capture the horizontal distribution of tem-
peratures at a height of 1.5 m, three measurement points 
were set on the eastern, southern, and northern sides of the 
site, and two points were set on the western side (Fig. 1a). 
In particular, the three measurement points on the northern 
side (N-1, N-2, and N-3) were located at the midpoints 
of the adjacent vertical rows of exhaust outlets and as far 
from the outlets as possible to avoid the direct impact of 
cold exhaust before it diffuses. In addition, to capture the 
vertical structure of temperature, 7 measurement points 
were set at 0.5 m and 5 points were set at heights of 2.8 m, 
5.5 m, and 8.2 m, each positioned 0.3 m from the north-
side wall (Fig. 1b) during the summer observation period. 
Ground surface temperatures (Tg) were measured at two 
points on the concrete pavement in the northern side of 
the site (Fig. 1a) using type-T thermocouple wires (Onset, 
TCW100-T), and the averaged values are used for the anal-
ysis. General weather conditions including air temperature 
(Ta), wind speed, and wind direction were measured by a 
weather station (Davis, Vantage Pro2) installed 1.5 m from 
the surface of the roof, i.e., 11.5 m above the ground. The 
data measurement interval for the thermistor thermometer 
was set to 30 s, the thermocouple was set to 1 min, the 
weather station was set to 10 min, and the average value 
over 10 min was used while analyzing the results. Each 
thermistor thermometer was calibrated using an Assmann 
ventilated psychrometer (Sato Keiryoki Mfg., SK-RHG-S), 
and the measured values were corrected using the relevant 
calibration formula.

Since we conducted the investigation in an occupied 
house, not an experimental location, the need for privacy 
for the occupants meant there were several limitations on 
taking measurements. Since only a few instruments could 
be placed discreetly within the site, detailed airflow data 
around the building could not be obtained. A further limita-
tion stems from the nature of ambient air. If it was trapped 
in a certain area, it could act as a control so that we could 
determine the exact temperature drop. However, ambient air 
normally flows in many different directions, which made it 
difficult to measure the exact drop in temperature. In addi-
tion, energy-related data such as usage and schedules were 
not directly available for this study.

2.2  Cold exhaust profile

In order to evaluate the impact of the exhaust heat on outdoor 
air temperature, it is essential to know when and how much 
it is emitted. The ASHPWH is a thermal storage system that 
always operates at a rated load at a set time, regardless of 
the hot water consumption schedule. In order to minimize 
heat loss from the storage tank, and to simultaneously take 
advantage of the cheaper electricity rates offered at night, the 
system is usually pre-programmed to run from late night to 
early morning. Its operating time and the quantity of cold 
exhaust vary by season. The total amount of exhaust heat 
Hn (kW) from multiple water heater units can be estimated 
based on the heating capacity Q (kW/unit), energy consump-
tion E (kW/unit), and number of operating units n (units) 
using the following equation:

In the case of the ASHPWH (with larger Q than E), Hn 
has a negative value indicating the amount of heat energy 
absorbed from outdoor air. Because the actual heating capac-
ity and energy consumption could not be measured in this 
study, the rated values specified by the manufacturer were 
used to set Q at 4.5 throughout the year and to estimate E as 
a function of outdoor temperature (Eq. (4) in Appendix 1). 
The air temperature Ta measured on the rooftop (described 
in the next section) was used as the outdoor temperature. 
As the air temperature near outdoor units decreases non-
uniformly due to cold exhaust, in theory, the intake air tem-
perature of each unit should be utilized. However, the results 
of the CFD evaluation show that consideration of the spatial 
variability of the intake temperature had no significant effect 
on the estimation of Hn (Appendix 2). The value of n was 
determined based on records of thermistor thermometers 
installed approximately 5 cm away from the front of the 
exhaust outlets of the outdoor units. Because the tempera-
ture of the cold exhaust was approximately 7 °C below the 
ambient air temperature, the on/off status of each unit could 
be clearly determined. Of the 16 units on the site, the 12 
units on the northern side of the building were targeted for 
monitoring, whereas the four units on the southern side were 
placed in private areas of the estate and not monitored in 
this study.

The results of the monitoring revealed that each unit oper-
ates at approximately the same time for each season (Fig. 2). 
Overall, the units primarily ran from 4:00 to 6:30 a.m. in the 
summer and from 1:30 to 6:30 a.m. in the winter. The winter 
duration is approximately two times longer than the summer 
duration, primarily because the input water temperature is 
lower in winter, requiring more energy to heat the water 
to the same temperature. Because each unit was operated 
on a pre-programmed schedule, the observed day-to-day 

(1)Hn = (E − Q)n.
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variations in the number of active units were small. The 
average number of operating units (n) peaked at 7.1 at 5:30 
a.m. in the summer and at 9.4 at 4:10 a.m. in the winter. 
Units T-1, M-3, and M-4 in the summer and T-1 and G-2 in 
the winter either operated infrequently or were out of opera-
tion. The large number of single-occupancy apartments in 
the target building likely caused a lower demand for hot 
water than that of a standard household. Figure 3 shows the 
estimated average total amount of Hn over time during each 
observation period. Hn was nearly proportional to n—despite 
also depending on the outdoor temperature—with a peak 
value of − 24.2 at 5:30 a.m. in the summer and − 30.4 at 4:10 
a.m. in the winter. The average daily integrated values of Hn 
for summer and winter reach − 123.9 and − 242.4 kJ, respec-
tively. If the total amount of the cold exhaust stayed in the 
space within a 10-m height of the site (6802  m3 excluding 

the volume of the building), it could cause temperature drops 
of 15.3 and 28.2 °C in summer (when the outdoor tempera-
ture is 25 °C) and winter (when the outdoor temperature is 
7 °C), respectively. In practice, under calm conditions, the 
cold exhaust assumedly sinks downward and spreads to more 
gently cool a wider area closer to the ground.

2.3  Weather overview

The air temperatures measured at the rooftop (Ta) closely 
matched those of the Tokyo Meteorological Observatory, 
located approximately 4 km to the east. The similarities 
remained consistent throughout the entire period. The daily 
minimum of Ta during the summer observation period 
ranged from 19.4 to 26.1 °C, with an average of 23.1 °C, 
whereas that during the winter ranged from 0.7 to 7.9 °C, 
with an average of 4.6  °C. Throughout the observation 
period for the summer of 2008, the weather was relatively 
cool and only four tropical nights (nights with a minimum 
temperature of 25 °C or higher) occurred; this observation 
can be attributed to the unstable atmosphere caused by low 
pressure and weather fronts in late August.

In this study, we grouped wind directions into two 
main directions: north (from WNW to ENE) and south 
(from ESE to WSW). Observations of the wind direction 
distribution showed that northerly winds were dominant 
when the ASHPWHs were in operation. During the sum-
mer observation period, northerly and southerly winds 
were observed in 82.7% and 15.5% of the operating hours 
(4:00–6:30 a.m.), respectively. During winter, northerly 
winds were observed in 90.6% of the operating hours 
(1:30–6:30 a.m.), whereas southerly winds were observed 
in only 3.5% of the operating hours; there were no days 
when the mean wind direction during the operating hours 
was southerly. When the wind speed, air temperature (Ta), 
and ground surface temperature (Tg) are averaged by main 

Fig. 2  Average operating rate of each ASHPWH unit on the north-
ern side of the building for each observation period: a summer and 
b winter. The vertical axis of each panel ranges from 0 to 100%. The 
time interval is 10 min

Fig. 3  Time series of estimated average total amount of cold exhaust 
Hn and effective amount of cold exhaust He (with standard deviation 
error bars) during each summer and winter observation period. Nega-
tive values indicate the amount of heat energy absorbed from outdoor 
air
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wind direction for each observation period (Table 1), the 
following trends were observed. During the summer obser-
vation period, compared to the northerly wind days, the 
southerly wind days were much calmer and hotter by about 
3 °C. The convective stability near the ground surface can 
be roughly estimated based on the difference between Ta 
and Tg. It was in a nearly neutral state on the southerly 
wind days (Tg − Ta = 0.0 °C), while it was unstable on the 
northerly wind days (Tg − Ta = 2.9 °C). These observations 
confirm that the UHI is more intense under calm and sta-
ble atmospheric conditions. On the northerly wind days 
in winter, the average wind speed was at par with that of 
northerly wind days in summer; however, it was rather 
stable (Tg − Ta =  − 1.7 °C) in terms of convective state near 
the ground surface.

2.4  Quantification of the cooling effects

While quantifying the temperature decrease due to cold 
exhaust from ASHPWHs, the measured air temperature 
on the rooftop (Ta) was set as the baseline on the assump-
tion that it is not affected by the cold exhaust. Biases were 
removed for the air temperature at each measurement point 
so that the average value during the period when the ASH-
PWHs did not operate (0:00 − 3:00 a.m. for summer and 
23:00 pm − 0:00 a.m. for winter) was equal to the rooftop 
air temperature. The deviation from the rooftop air tem-
perature (ΔT) at each measurement time was regarded as 
being influenced by the cold exhaust.

However, since the temperature measured on the roof-
top might be affected by the cold exhaust to some extent, 
the value of ΔT obtained by this method tended to be 
underestimated. On the other hand, since the rooftop air 
temperature rises the fastest after sunrise, the ΔT at each 
measurement point in this case becomes excessive. The 
sunrise time during each observation period was around 
5:10 a.m. for summer and 6:20 a.m. for winter. Here, to 
avoid overestimation, we mainly discuss the evaluation 
value ΔT before 5:00 a.m. It should also be noted that as 
ΔT typically takes on a negative value, when evaluating the 
magnitude of its value, terms such as great, large, or small 
indicate the magnitude of the absolute value.

2.5  Minimizing uncertainties

This study focuses on building-scale phenomena in order 
to improve the indoor thermal environment by introducing 
cool air near buildings through ventilation. To best utilize 
the cooling potential of cold exhaust, it is critical to under-
stand factors that affect the temperature sensitivity to the 
amount of cold exhaust (ΔT/Hn). However, the results from 
this study contain various uncertainties, as it was conducted 
under highly constrained and uncontrolled conditions. To 
minimize the effects of these uncertainties and obtain robust 
results attributable only to the observed facts, it was impor-
tant to carefully consider the evaluation indices.

First, as the wind speed observation point was only on the 
rooftop, local airflow near the ground could not be captured. 
The observed values of ΔT were averaged as appropriate, to 
minimize the influence of unobserved irregular airflow. The 
effects of temporal and spatial irregularities were reduced 
by seasonal and regional averaging, respectively.

Additionally, the cold exhaust from the four units on the 
southern side of the building was not monitored; this intro-
duces major uncertainty that creates challenges for evalu-
ation. To minimize the influence of cold exhaust from the 
south side, only three measurement points on the northern 
side (N-1, N-2, and N-3) were considered for temperature 
sensitivity evaluation. As the north side is where the larg-
est number of emission sources are located, a focus on this 
side is reasonable in terms of utilizing the cold through 
ventilation.

The horizontal and vertical distributions of multiple 
exhaust outlets were another primary factor that made the 
evaluation of temperature sensitivity (ΔT/Hn) difficult in 
this study. In general, higher exhaust outlet locations closer 
to the boundary in the horizontal direction lead to greater 
advection–diffusion from the target area and a smaller tem-
perature effect within the area. For the placement of outdoor 
units in this study in particular, a significant proportion of 
cold exhaust from higher floors was found to escape over 
the fence without affecting the observed air temperature. 
This means that ΔT/Hn differs at a specific measurement 
point depending on the location of the emission. As the 
operation of each unit was not controlled in its entirety, 
the multiple emission locations vary irregularly over time, 

Table 1  Overview of weather 
by wind direction during the 
operation times of ASHPWH. 
Wind directions are grouped 
into two main directions: north 
(from WNW to ENE) and south 
(from ESE to WSW)

Observation period Main wind 
direction

Average 
wind speed

Average air 
temperature

Average ground 
surface temperature

Total # of 
observed 
days

Summer (4:00 − 6:30 a.m.) North 1.0 m/s 22.6 °C 23.5 °C 18
South 0.4 m/s 25.4 °C 25.4 °C 4

Winter (1:30 − 6:30 a.m.) North 1.2 m/s 5.4 °C 3.7 °C 11
South  −  −  − 0
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making it difficult to evaluate ΔT/Hn under constant condi-
tions. To qualitatively analyze the effect of meteorological 
factors on ΔT/Hn, the effect of the emission location should 
be excluded from the evaluation index. The CFD evaluation 
results show that under calm conditions, the cold exhaust 
from the middle and top floors registered 44% and 32% of 
the temperature effect (average ΔT at N-1, N-2, and N-3) of 
the ground floor, respectively. By contrast, the cold exhaust 
from the outer two columns registered 91% of the tempera-
ture effect of the inner two columns (Appendix 2). Here, we 
introduce an index of the effective amount of cold exhaust 
He (kw), which is obtained by multiplying the total amount 
of cold exhaust Hn by a coefficient that considers the differ-
ence in temperature effects due to the location of the exhaust 
outlet as (when n > 0):

where nG, nM, and nT are the numbers of operating units on 
the ground floor, middle floor, and top floor, respectively; 
and nI and nO are those in the inner (#2 and # 3) and outer 
(#1 and #4) columns. The term “effective amount of cold 
exhaust” refers to the amount of cold exhaust effective in 
cooling the ambient air at specific measurement points. In 
this case, He was defined as the amount of cold exhaust that 
affects the average ΔT at three measurement points (N-1, 
N-2, and N-3). The purpose of using the average of three 
points was to minimize the effect of the spatial variation of 
ΔT. Weighting factors were used in Eq. (2) to adjust the tem-
perature sensitivity to cold exhaust from each emission loca-
tion such that it was equivalent to the units on the ground 
floor in the inner columns under the same weather condi-
tions. By using He instead of Hn, the temperature sensitivity 
(ΔT/He) could be qualitatively evaluated without being influ-
enced from the spatial diversity of the emission locations. 
Figure 3 shows that the pattern of the time variation of the 
average He for each observation period is nearly proportional 
to that of Hn for each period, with a peak value of − 16.1 at 
5:30 a.m. in summer, and − 16.0, at 4:10 a.m. in winter.

3  Results and discussion

3.1  Spatial distribution of the cooling effect

Figure 4 shows the time series of the effect of cold exhaust 
on air temperatures (ΔT) at each measurement point of 1.5 m 
height, for each observation period. The purpose of this 
analysis was to identify the general characteristics of the 
diurnal variation and spatial distribution of ΔT, independ-
ent of atmospheric conditions, and discuss its relationship 
with cold heat. Therefore, the effects from the day-to-day 
variation in ΔT were excluded through utilizing seasonal 

(2)
He =

[(

nG + 0.44nM + 0.32nT
)

∕n
][(

nI + 0.91nO
)

∕n
]

Hn,

averaging. The temperature decline was indicated around 
4:00 − 6:30 a.m. for summer and 1:30 − 6:30 a.m. for winter, 
which coincides with the operation time of the ASHPWHs. 
It can also be confirmed that the temperature decline is the 
greatest on the northern side of the site with the largest num-
ber of cold exhaust emission sources. At each of the three 
measurement points on the northern side, the value of ΔT is 
larger than those at all the other points in other directions. In 
the summer, among the three points on the northern side, the 
western point N-1 shows the largest ΔT of − 0.36 °C at 4:30 
am; in the winter, the eastern point N-3 shows the largest ΔT 
of − 0.40 °C at 3:50 a.m. Referring to the average operation 
status of each ASHPWH unit (Fig. 2), a rough relationship 
can be observed between the horizontal distribution of the 
number of operating units and ΔT on the northern side. At 
the summer peak time (4:30 a.m.), the average number of 

Fig. 4  Average effect of cold exhaust on average 1.5-m air tempera-
tures (ΔT) at each measurement point for each observation period: a 
summer and b winter
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units operating in the western columns (#1 and # 2) was 
2.5, which is 1.25 times larger than the number (2.0) in the 
eastern columns (#3 and #4). At the winter peak time (3:50 
a.m.), the average number of units operating in the eastern 
columns was 5.0, which is 1.32 times larger than the number 
(3.8) in the eastern columns. Therefore, larger ΔT values are 
observed at the measurement points with a larger number of 
operating units in the vicinity.

However, ΔT was affected by the linear distance between 
the emission source and the measurement point, and by 
complex factors, such as local airflow caused by obstacles 
(e.g., buildings, fences, and plants). The linear distance 
could be observed, whereas the complex factors could not 
be observed. A detailed quantitative examination of these 
factors is highly site-specific and beyond the scope of this 
study. The following discussion focuses on the northern side 
of the site, where ΔT at the N-1, N-2, and N-3 measurement 
points, and the effective amount of exhaust heat (He) were 
used in qualitative analyses. This was carried out to iden-
tify the meteorological factors affecting ΔT, independent of 
spatial location. To this end, the effect of spatial variability 
in ΔT was eliminated by averaging the values at these three 
measurement points. The peak value of the average ΔT (°C) 
on the northern side of the building is − 0.32, for summer (at 
4:30 a.m.) and winter (at 3:40 a.m.). The effective amounts 
of cold exhaust He (kW) at each peak time are − 11.4 
and − 14.8 in summer and winter, respectively (Fig. 3); thus, 
the sensitivities of temperature to cold exhaust (ΔT/He) (°C/
kW) are 0.028 and 0.022, respectively. The differing ΔT/
He values for each season could be due to the difference in 
the atmospheric conditions during each observation period.

Figure 5a shows the time series of the average ΔT meas-
ured at the northern points (N-1, N-2, and N-3) and averaged 
for each wind direction and season. The ΔT (°C) values at 
peak times are − 0.71 (at 5:00 a.m.), − 0.24 (at 4:40 a.m.), 
and − 0.32 (at 3:40 a.m.) for days with southerly wind and 
summer and winter days with northerly wind, respectively. 
The cooling effect was significantly larger when the southern 
winds were dominant in the summer, and the thermal envi-
ronment worsened, perhaps because southerly wind speeds 
tend to be low; thus, the diffusion of the cold exhaust is 
more difficult, and the exhaust tends to stay near the ground 
at the site.

Figure 5b shows the time series of the sensitivity of 
temperature to cold exhaust (ΔT/He). At each peak time of 
ΔT, the values of ΔT/He (°C/kW) are 0.055 (at 5:00 a.m.), 
0.019 (at 4:40 a.m.), and 0.022 (at 3:40 a.m.) for days with 
southerly wind and summer and winter days with northerly 
wind, respectively. The value of ΔT/He is significantly larger 
for southerly wind days in the summer when the average 
wind speed is small (Table 1), indicating dependence on 
wind direction and wind speed. For northerly wind days, 
the value of ΔT/He is slightly greater in winter, despite a 

slightly greater wind speed, suggesting that dependence 
on other factors, such as the convective stability near the 
ground surface. The value of ΔT/He tends to be large imme-
diately after the units start operating (and He is still small) 
and gradually decreases as He increases (Fig. 3). Therefore, 
ΔT peaks before He. This is because, as the temperature near 
the ground decreases, the density difference between the 
cold exhaust and the air temperature decreases, making it 
harder for the cold exhaust to sink downward and to increase 
its advection–diffusion to the surroundings. Focusing on 
the limited space within the site reveals that, as He input 
increases, the ratio of He going out by advection–diffusion 
also increases, decreasing the sensitivity of temperature to 
cold exhaust (ΔT/He). Thus, a value of He must exist that can 
achieve the desired ΔT with maximum efficiency, suggesting 
that the cooling effect can be sustained for a longer time by 
adjusting He by controlling the number of operating units.

During the entire period of observation, August 20, 2008, 
marked the largest ΔT observed at 5:00 a.m., with calm wind 
(wind speed < 0.4 m/s) and air temperature (Ta) measured at 
the rooftop of 25.2 °C. Near the peak time, all measurement 
points 1.5 m above ground level on the northern side of the 
building registered ΔT of more than − 1 °C, and all other 
measurement points at a 1.5-m height showed ΔT values 
of − 0.4 °C to − 0.6 °C (Fig. 6a). At 5:00 a.m., five of the 12 
ASHPWH units on the northern side of the building (G-1, 
M-2, G-2, M3, and T-4) were in operation (Fig. 6b). The 

Fig. 5  a Average of the effect of cold exhaust on air temperatures 
(ΔT) at three measurement points (N-1, N-2, and N-3) on the north-
ern side of the site (sorted by observation period and wind direction). 
b The sensitivity of temperature to cold exhaust (ΔT/He)
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observed horizontal distribution of ΔT was roughly repro-
duced using a CFD simulation (see Appendix 2). Figure 6 
shows that the magnitude of ΔT at each measurement point 
is not simply determined by the number of operating units in 
the vicinity. For example, at 5:40 a.m., the number of units 
in operation reaches 8; however, the ΔT values observed 
at the three northern points range from − 0.8 to − 0.7 °C—
approximately 74% of the value at 5:00 a.m. Immediately 
after that, two units stopped, and at 5:50 a.m., three units 
were in operation in the western columns (#1 and #2) and the 
eastern columns (#3 and #4); however, a significant ΔT of 
over − 1.2 °C was observed only at the eastern point (N-3). 
Thus, the relationship between the linear distance from the 
emission source and ΔT at each measurement point was not 
evident in the observations from this day. As previously 
discussed, this relationship was roughly confirmed by sea-
sonally averaged observations. As such, the irregularities 

observed on this specific day were considered temporary 
phenomena attributable to more complex local airflow that 
could not be captured by the measurements in this study.

Figure 7 shows the vertical profile of the ΔT as of 5:00 
a.m. in the summer, determined for each wind direction 
from the average value for each height at each temperature 
measurement point along the north-side wall of the build-
ing. On the southerly wind days, ΔT is extremely large near 
the ground, but that influence decreases rapidly with height, 
leaving little observable ΔT at a height of 8.2 m. On the other 
hand, during days with northerly winds, the ΔT near the 
ground is relatively small, but the rate of decline with height 
is also small, showing a more substantial ΔT at 8.2 m height 
than on southerly wind days. This vertical structure shows 
that, in the case of weaker southerly winds, cold exhaust 
is hardly diffused (partly because it is sheltered from the 
winds by the building), effectively cooling the air near the 
ground. However, when relatively strong northerly winds 
blow, cold exhaust is diffused upward along the north-side 
wall of the building; therefore, the cooling effect near the 
ground is reduced.

3.2  Dependence of the cooling effect on local 
atmospheric conditions

Since the cold exhaust is heavier than the ambient air, it 
naturally sinks downward, and then spreads outward along 
the ground surface driven by its own weight. Its diffusion 
speed is likely affected by the local atmospheric conditions. 
Wind speed is one of the major factors that influence the 
horizontal advection of the cold. Wind direction is another 

Fig. 6  a Effect of cold exhaust on air temperatures (ΔT) observed at 
each measurement point of 1.5-m height; b operation status of each 
ASHPWH unit on the northern side of the building, on August 20, 
2008

Fig. 7  Vertical profile of the average effects of cold exhaust on tem-
perature (ΔT) along the north side of the building at 5:00 a.m. in the 
summer observation period (sorted by main wind direction)
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influencing factor that defines the positional relationship 
between the building and emission source of the cold. In 
addition, the near-surface thermal convection is thought to 
affect the vertical diffusion of the cold.

Figure 8a shows the relationship between the sensitivity 
of the 1.5-m temperature to cold exhaust (ΔT/He) and wind 
speed (1-h average prior to peak ΔT). ΔT is the average of 
the observed values at the N-1, N-2, and N-3 measurement 
points. The figure clearly demonstrates that the weaker 
the wind is, the greater the ΔT/He becomes. Considering 
that the UHI tends to be more intense on calm days, this 
could be advantageous from the perspective of improv-
ing the thermal environment. If we focus on the northerly 
wind days, the locations of the summer and winter clus-
ters overlap for the most part, and seasonal differences are 
hardly observed in the range of ΔT/He. On the other hand, 
the cluster of southerly wind during the summer is found 
at a location away from the other two clusters indicating 
a higher sensitivity. This is likely due to the influence of 
the positional relationship between the building and the 
emission sources of the cold in addition to the wind speed. 
That is to say, when the exhaust outlets are placed on the 
leeward side of the building, the wind has less effect on the 
diffusion of the cold because the building acts as a shelter 

from the wind. In this case, since the location of the out-
lets is mainly on the northern side of the building, we can 
expect the ΔT/He to become greater under southerly winds.

As an indicator for convective stability near the ground, 
we used the difference between the air temperature and 
ground surface temperature (Tg − Ta). Figure 8b shows, in 
the same manner as in Fig. 8a, the relation between ΔT/He 
and Tg − Ta. The locations of summer and winter clusters 
hardly overlap in the range of Tg − Ta clearly indicating that 
it was mostly unstable (Tg > Ta) or neutral (Tg ≈ Ta) during 
the summer, while it was always stable (Tg < Ta) during the 
winter. In the range of ΔT/He, the cluster of southerly wind 
is located above the other two clusters of northerly wind, 
as found in Fig. 8a. On days with northerly winds, ΔT/
He shows a slight tendency to increase as Tg drops below 
Ta, suggesting that the near-surface convective stability 
state slightly influences the diffusion of the cold exhaust 
at the building scale; however, this influence is small com-
pared to that of the wind. This can be understood that 
since the cold exhaust near the building is much cooler 
(and heavier) than ambient air, the downward momentum 
of its gravity-driven flow is too large to be affected by the 
buoyancy forces from the weak thermal convection near 
the ground at night.

Figure 8 suggests that the wind (horizontal advection) 
has a substantial influence on the sensitivity ΔT/He, while 
the influence from near-surface thermal convection is lim-
ited. To test the statistical significance of this result, we 
performed a multiple regression analysis with ΔT/He as a 
target variable and the three influencing factors (i.e., wind 
direction, wind speed and Tg − Ta) as explanatory variables. 
Here, wind direction is represented by a dummy variable 
that takes on the value 0 for south or 1 for north. The result 
(Table 2) confirmed that the most significant influencing 
factor is wind direction (p < 0.001) followed by wind speed 
(p = 0.013), and that Tg − Ta has no significant influence 
(p = 0.062). Here, a p value less than 0.05 was considered 
statistically significant.

Fig. 8  Relationship between the sensitivity of temperature to cold 
exhaust (ΔT/He; 10-min average taken at the peak time of ΔT for each 
day) and the meteorological factors (1-h average prior to the peak 
time): a wind speed and b difference between the air temperature and 
ground surface temperature (Tg − Ta). The value of ΔT is the average 
of those observed at points N-1, N-2, and N-3. The straight lines rep-
resent linear regression of data on days with northerly wind

Table 2  Result of multiple regression analysis among the influencing 
factors on the ΔT/He (°C/kW) shown in Fig. 8. Wind direction is rep-
resented by a dummy variable that takes on the value 0 for south or 1 
for north

Explanatory variable Partial regression coef-
ficient

p value

Intercept 6.8 ×  10−2 6.5 ×  10−14

Wind direction  − 3.4 ×  10−2 2.0 ×  10−6

Wind speed (m/s)  − 8.9 ×  10−3 1.3 ×  10−2

Tg − Ta (°C)  − 2.2 ×  10−3 6.2 ×  10−2

R2 0.73 (p < 0.001)
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4  Conclusions

Around a low-rise apartment building in which all apart-
ments have air-source heat pump water heaters (ASHP-
WHs) installed, we observed the thermal environment in 
building scale during summer and winter. The following 
findings concerning the cooling effect of cold exhaust on 
ambient outdoor temperature are provided as:

(1) The greatest reduction in 1.5  m air temperature 
exceeded 1 °C and it was shown to be concentrated on 
the side where the exhaust outlets of ASHPWH were 
placed. A building-scale improvement in the outdoor 
thermal environment caused by the cold exhaust was 
clearly demonstrated.

(2) The outdoor cooling effect of the cold exhaust showed 
a tendency to increase when the exhaust outlets were 
placed on the leeward side of the building.

(3) The cooling effect also showed a tendency to increase 
when winds were weak. Since it was observed that 
the UHI becomes more intense on calm days, it is an 
advantage from the viewpoint of UHI alleviation.

(4) The thermal convective stability near the ground sur-
face showed no significant influence over the cooling 
effect.

As calm days with weak wind were minimal during the 
entire measurement period of this study, and no south-
erly wind days were observed during the winter, the study 
would benefit from further accumulation of data through 
additional observation cases. In this study, the temperature 
measurement points were limited within the site of the 
target building. To estimate the cooling effect of the cold 
exhaust beyond the boundary of the site, a city-block scale 
observation is required. It is possible that the convective 
stability state near the ground surface has some influence 
over the cooling effect in city-block (or wider) scale.

Although this study focused on the direct impact on 
the outdoor thermal environment induced by ASHPWHs, 
its indirect impact on the annual energy consumption is 
also an interesting research topic. The reduction in out-
door temperature is likely to decrease the cooling load 
in summer and increase the space heating load in winter. 
The observations from this study show that the winter 
temperature effect is the same as that in summer; this sug-
gests that the impact on the increased space heating loads 
would be limited compared to the major contribution from 
significantly reduced energy consumption for water heat-
ing, as shown in a previous simulation study (Yamaguchi 
et al. 2009). As data on energy demand were not available, 
assessing the impact on annual energy demand is a recom-
mended future research topic.

The findings from this study provide a new perspective 
for the urban planning and architectural design of residential 
areas. The large temperature drop near buildings induced by 
the cold exhaust from ASHPWHs is beneficial in terms of 
improving the indoor thermal environment by introducing 
outdoor air through natural or mechanical ventilation. The 
indices, He and ΔT/He, may be utilized to establish optimal 
strategies to capitalize on its cooling potential. The observed 
results confirm that the temperature decrease was greater in 
locations closer to the exhaust outlet in the vertical and hori-
zontal directions. Based on this information, there is an abil-
ity to optimize the placement of outdoor units, windows, or 
air supply openings in the house. This is a strategic approach 
to maximize the effective amount of cold exhaust (He). The 
locations and orientation of residential buildings and out-
door units of ASHPWHs may be planned by considering 
the prevailing wind direction in summer nights to maximize 
the cooling effect of the cold exhaust; this approach maxi-
mizes temperature sensitivity to cold exhaust (ΔT/He). At 
the city-block scale, the layout of residential buildings may 
be designed to capitalize on cold exhaust by storing it in 
spaces between buildings such as courtyards; alternatively, 
windows or air supply openings may be placed leeward of 
the outdoor unit.

Although each ASHPWH has a short operational dura-
tion, it is greatly advantageous to be able to set the time 
frame to suit the purpose. The analysis of temperature sensi-
tivity to cold exhaust shows that when many units are operat-
ing concurrently, the rate of clod exhaust loss outside the site 
due to advection–diffusion increases, and the cooling effi-
ciency within the site decreases. This suggests that the cool-
ing effect near the building may be sustained over a longer 
duration by controlling the number of operating units; this 
is yet another approach to maximize temperature sensitivity 
(ΔT/He). Alternatively, in terms of sleep quality, ASHPWHs 
may be programmed to operate concentrically during ear-
lier (and hotter) nighttime occasions. This is because humid 
heat exposure during the initial sleep segment may be more 
disruptive to sleep and thermoregulation compared with the 
same exposure during later sleep segments (Okamoto-Miz-
uno et al. 2005a). If adequate sleep may be maintained dur-
ing the first half of sleep, then it is unlikely to be degraded 
despite deterioration of the thermal environment during the 
latter half of sleep (Okamoto-Mizuno et al. 2005b). Theo-
retically, the temperature effect of cold exhaust is smaller 
earlier on in the nighttime as the thermal convective state 
near the ground surface is more unstable than later in the 
nighttime. However, the factor analysis results show that 
the contribution of the convective stability to temperature 
sensitivity is insignificant at the building scale.

As discussed in the introduction, heat-related mortal-
ity and morbidity are closely related to nighttime out-
door temperatures. Thus, the damage function based on 
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epidemiological studies may be used to quantitatively 
assess the health benefits attributable to decreased night-
time temperatures. Previous studies evaluated the night-
time health damage on a daily basis by using representative 
temperature of nighttime hours as the explanatory variable 
of the damage function. For example, this includes the 
daily minimum temperature (Ohashi et al. 2014), or tem-
perature at 0:00 (Narumi et al. 2016) or 22:00 (Kuwayama 
et al. 2019). However, this approach is not appropriate for 
assessing the effect of large temperature reductions within 
specific time frames induced by cold exhaust from ASH-
PWHs. As such, it is necessary to develop new evaluation 
methods, such as using multiple damage functions made 
separately for each hour.

The cold exhaust from the AHPWHs has enough potential 
to maintain a good indoor thermal environment throughout 
sleeping hours; however, it is currently diffused outside the 
site without being fully utilized. The primary contribution 
of this paper is to provide the first clue for future research 
to understand the characteristics of cold exhaust and exploit 
its full potential. Although this study focused on building-
scale effects, if ASHPWH became widespread, it is expected 
that city-scale effects may manifest. In a large-scale residen-
tial complex area, the cold flowing from each site would be 
complementary to form a more extensive urban cool spot. 
In such cases, the synergistic effects with typical UHI meas-
ures aimed at reducing surface temperature, such as greening 
and water-retentive pavements, may be expected (Yamaguchi 
et al. 2016). This can be explained as a result of the stabiliza-
tion of the atmosphere due to the decrease in surface tem-
perature, which suppresses the diffusion of cold exhaust. As 
UHI is formed by multiple factors, it is difficult to address 
using a single solution. Combining multiple solutions to 
achieve a collective effect is the most rational approach to 
improving the thermal environment of a city. The area-wide 
installation of ASHPWHs is a promising option in such a 
comprehensive countermeasure portfolio.

In megacities of developing countries located in tropi-
cal regions, further degradation of the urban thermal envi-
ronment will occur as a result of global warming and UHI, 
and energy demand for air conditioning and hot water is 
expected to increase rapidly. These megacities are promising 
candidates where the outdoor cooling effect of ASHPWHs 
will be most effective and beneficial. In the tropics, neither 
poor performance from low temperatures is likely to occur 
nor is there an impact on space heating energy due to the 
outdoor cooling effect. Urban heat is unused energy that 
is abundant in cities; the by-product of its use is also reus-
able cold energy. By recovering excess urban heat, ASH-
PWH reduces  CO2 emissions while meeting rapidly growing 
energy demand, and improving the deteriorated nighttime 
thermal environment. The urban-scale cascading use of 
excess heat and cold energy afforded by ASHPWHs should 

be considered a potential method to mitigate and adapt to 
climate change.

Appendix

Appendix 1. Measurement of exhaust air 
from outdoor unit

This observational study had many limitations, as it was 
conducted on a real house, and directly measuring the power 
consumption of each ASHPWH unit or the temperature and 
airflow of the exhaust was not possible. Therefore, the tem-
perature and air velocity of the cold exhaust from the units 
were measured separately to verify the energy of the cold 
exhaust.

The measurements were performed on March 12, 2009, 
when the wind was weak, at an experimental house located 
in Yokohama City, Kanagawa Prefecture. The ASHPWH 
unit used for the measurements was of the same type 
(Corona, CHP-452) as the ones used in this study. The out-
door unit was installed on the ground beside the house, and 
the center of the air outlet was located at approximately 
0.5 m above the ground.

Thermistor thermometers (T&D, RTR-52) fitted with 
solar shields were used to measure the ambient temperature, 
intake, and exhaust air. The air outlet of the outdoor unit 
featured a concentric circular opening with an outer diameter 
of 440 mm and an inner diameter of 110 mm. To capture the 
temperature distribution of the exhaust within the blowing 
area at the air outlet, four measurement points (U, D, L, and 
R) were fixed on the upper, lower, left, and right sides of the 
area, each approximately 140 mm from the center. Intake air 
temperatures (Tin) were measured at two points near the inlet 
of the outdoor unit, and the averaged values were used for 
the analysis. The ambient air temperatures were measured at 
1.5 m above the ground and approximately 5 m horizontally 
from the outdoor unit side. The data measurement interval 
for the thermistor thermometer was set to 15 s, and the aver-
age value of over 1 min was used to analyze the results.

A rotating vane anemometer (TSI, Model 5725) was used 
to measure the air velocity of the exhaust air. Using the same 
method as for air temperature, the air velocity was measured 
at four points (U, D, L, and R) in the vertical and horizontal 
directions from the center of the air outlet. The measurement 
interval and time constant (averaging period) were set to 1 
and 10 s, respectively, and the reading was taken when the 
fluctuation of the displayed value had settled.

Figure 9 shows the air temperature measurements taken 
from 9:15 a.m. to 13:40. The ASHPWH unit started at 
9:23 a.m. and stopped at 13:28. The intake air tempera-
ture remains approximately 0.8 °C lower than the ambient 
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temperature during the morning but rises approximately 
6.4 °C with the ambient temperature throughout the operat-
ing time of the unit, with no notable effect from the cold 
exhaust. The exhaust temperature readings at all four points 
decrease significantly as soon as the unit starts. Thereaf-
ter, they rise in sync with the ambient air temperature and 
quickly return to the same level as the ambient air temper-
ature when the unit stops. Throughout the operating time 
of the unit, the deviations from the intake air temperature 
remained nearly constant. During the morning, the values at 
U and R were approximately 0.5 °C higher than the values at 
D and L, indicating slight temperature irregularities within 
the blowing area of the air outlet. However, because the val-
ues at U and R and those at D and L are in good agreement, 
the four-point average is regarded as the average temperature 
of the entire exhaust. By averaging the temperature deviation 
from the intake air temperature throughout the unit operation 
time (9:16 am − 13:40), a four-point average of − 6.75 °C 
was obtained.

The air velocity of the exhaust air was measured sepa-
rately from the air temperature. The values of air velocity 
(m/s) obtained at measuring points U, D, L, and R were 3.4, 
3.3, 3.3, and 3.1, respectively. Here, the four-point average 
of 3.26 m/s is considered the average velocity of the exhaust 
air immediately after leaving the vent.

The amount of energy of the cold exhaust from an ASH-
PWH unit H1 (kW) can be expressed as:

where E and Q represent the electricity consumption (kW) 
and heating capacity (kW) of the ASHPWH, respectively. 
According to the rated values specified by the manufacturer, 
Q is a constant value of 4.5, and E depends on the outdoor 
temperature, humidity, supply water temperature, and hot 
water temperature (Table 3). Because the data available for 
this study are limited, only the outdoor dry-bulb temperature 

(3)H1 = E − Q,

is considered, assuming that the hot water temperature was 
set at 65 °C. The electric consumption E can be approxi-
mated by a linear equation of the air temperature Ta (K) 
(R2 > 0.999) as follows:

In the measurement, the average intake air temperature 
Ta during the operation of the ASHPWH unit was 285.16 K 
(12 °C). Therefore, the average value of H1 can be estimated 
at − 3.32 kW from Eqs. (3) and (4).

Using the measured air temperature values of the exhaust 
Tex (K) and its air velocity V (m/s), H1 (kW) can be expressed 
as:

where ρ, Cp, A, P, and R are the density of air (kg/m3), con-
stant pressure heat capacity of air (1004 J/kg/K), effective 
blowing area of the air outlet  (m2), atmospheric pressure 
(101,300 Pa), and gas constant of dry air (287 J/kg/K), 
respectively. The air velocity is generally not constant within 
the blowing area, as it is smaller near the outer edge and the 
rotation axis of the fan; thus, the effective blowing area is 

(4)E = −0.0128Ta + 4.83.

(5)H1 = �Cp

(

Tex − Ta
)

VA∕1000

(6)� = P∕
(

RTa
)

,

Fig. 9  Time series of the 
temperature of the ambient air, 
the intake, and the exhaust of 
the outdoor unit. The exhaust 
temperatures are measured at 
points U, L, R, and D

Table 3  Heating capacity and electric consumption of the ASHPWH 
unit under conditions specified by the manufacturer

Outdoor dry-bulb temperature (°C) 25 16 7 7

Outdoor wet-bulb temperature (°C) 21 12 4 6
Supply water temperature (°C) 24 17 9 9
Hot water temperature (°C) 65 65 65 90
Heating capacity (kW) 4.5 4.5 4.5 4.5
Electricity consumption (kW) 1.02 1.14 1.25 1.54
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assumed to be smaller than the actual size of the vent aper-
ture. Here, we assume that A is 0.121  m2, which corresponds 
to the area of the region between the concentric circles with 
diameters of 436 and 189 mm, which is approximately 85% 
of the size of the air outlet aperture. Furthermore, using Tex 
– Ta (− 6.75 K), Ta (285.16 K), and V (3.26 m/s) obtained 
from the measurements, H1 was calculated from Eqs. (5) 
and (6), yielding a value of − 3.31 kW. The value obtained 
here is in good agreement with the value of H1 (− 3.32 kW) 
calculated from Eqs. (3) and (4). Therefore, based on the 
measured values of temperature and air velocity, the amount 
of energy of the cold exhaust roughly corresponds to the 
estimated values of the heating capacity and electric con-
sumption specified by the manufacturer.

Appendix 2. Computational fluid dynamics (CFD) 
simulation

In this study, the number of temperature measurement points 
was too small to produce high-resolution 3-dimensional 
images of air temperature distribution around the building. 
The spatially dispersed distribution of emission sources 
makes the evaluation of temperature sensitivity to cold 
exhaust even more difficult. The intake temperature of each 
outdoor unit, to estimate the amount of cold exhaust, was 
not monitored. The location of the measurement points was 
limited to the site of the target building; hence, estimating 
the cooling effect of the cold exhaust beyond the boundary 
of the site was not possible. In this appendix, a computa-
tional fluid dynamics (CFD) simulation was performed to 
reproduce the results of the observation. This simulation 
study has the following four primary objectives: (1) visual-
izing a 3-dimensional distribution of air temperature around 
the building to better understand the behavior of the cold 
exhaust emitted from the outlets; (2) evaluating the relative 
effect of the vertical and horizontal locations of the exhaust 
outlets on the temperature at specified measurement points; 
(3) evaluating the effect of reduced intake temperature due 
to cold exhaust on the estimated amount of the cold exhaust 
itself; and (4) understanding the impact of the cold exhaust 
beyond the boundary of the site.

We attempted to reproduce the observed results from 
August 20, 2008, at 5:00 a.m. (Fig. 6), with a three-dimen-
sional simulation using a standard k–ε turbulence flow 
model (AKL FlowDesigner 2020). The analysis area was 
314 m east–west × 375 m north–south × 25 m vertical, with 
4.0 million mesh elements (200 × 200 × 100). The target 
building, site boundary, and outdoor units of the ASHPWH 
were set as shown in Fig. 2. Two 2-m-high fences with 0% 
opening ratio were placed on the north and south boundaries 
of the site; those with 90% opening ratio were on the east 
and west boundaries. Surrounding buildings were selected 
after considering their influence on the airflow. The inflow 

boundary conditions included a southerly wind at 1/4 low 
power with a speed of 0.1 m/s at an altitude of 11.5 m and 
temperature of 25.2 °C. The temperature of the cold exhaust 
at the outlet was set to 17.8 °C, and the airflow rate was 
1423.7  m3/h per unit (air velocity: 3.26 m/s, blowing area: 
0.121  m2), which was estimated based on measured values 
from a real machine (Appendix 1). Steady-state calculations 
were performed with a convergence criterion of less than 
0.1% residual, and non-steady-state calculations were per-
formed with a time interval of 30 s.

Figure 10 depicts the simulated vertical cross-section 
of the air temperature distribution next to the cold exhaust 
outlets on the northern side of the building, with the three 
ASHPWH units in column #1 operating concurrently. The 
temperature distribution shows that the cold exhaust sinks 
and remains near the ground. Much of the cold exhaust emit-
ted from higher altitudes extends directly beyond the site 
boundary. Therefore, higher exhaust outlets are assumed to 
exert a smaller temperature effect at the measurement points 
within the boundary. Similarly, the low interference of the 
mesh fences on the east and west boundaries on outgoing 
airflow lead to different temperature effects between the cold 
exhaust from the outer (#1 and #4) and inner (#2 and #3) 
columns.

Fig. 10  Simulated vertical cross-section of air temperature distribu-
tion along cold exhaust outlets

Table 4  Setup for simulation cases

Cases Units in operation

T T-1, T-2, T-3, T-4
M M-1, M-2, M-3, M-4
G G-1, G-2, G-3, G-4
I T-2, G-2, M-2, T-3, M-3, G-3
O T-1, G-1, M-1, T-4, M-4, G-4
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To compare the effect of the location of the exhaust 
outlets, five case simulations (Table 4) were performed by 
steady-state calculations. Cases T, M, and G are scenarios 
comparing the effect of exhaust height, with four units oper-
ating on the top, middle, and ground floors. Likewise, cases 
I and O are scenarios comparing the effect of the horizon-
tal position, with six units operating in the inner (#2 and # 
3) and outer (#1 and #4) columns. As temperature refer-
ence points, the values at spatial positions corresponding 
to the N-1, N-2, and N-3 measurement points (indicated 
in Fig. 1a) were used. For cases T, M, and G, the average 
values of deviation from the inflow temperature (25.2 °C) 
were − 0.83 °C, − 1.13 °C, and − 2.57 °C, respectively. For 
cases I and O, the average deviation values were − 1.50 °C 
and − 1.37 °C, respectively. The results show that under 
calm conditions, the cold exhaust from the middle and top 
floors registered 44% and 32% of the temperature effect of 
the ground floor, respectively; furthermore, the cold exhaust 
from the outer two columns registered 91% of the tempera-
ture effect of the inner two columns. The values obtained 
were used as the weighting factors in Eq. (2) for the effective 
amount of cold exhaust He.

The reproduction simulation was performed for the period 
from 4:00 to 5:00 a.m. on August 20, 2008, using non-steady 
state calculations. In the simulation, the ASHPWH units on 
the northern side were set in operation in accordance with 
the monitored state in the observation (Fig. 6b); that is, the 

units are all off at 4:00 a.m. and initiate sequentially; thus, 
at 5:00 a.m., five units (G-1, M-2, G-2, M-3, and T-4) are in 
operation. Of the four units on the southern side that were 
not monitored in the observation, two (one on the top floor 
in the western column #5 and one on the middle floor in the 
eastern column #6) were assumed to be in operation from 
4:00 to 5:00 a.m.

The simulation results at 5:00 a.m. are shown in Fig. 11. 
The areas around the building show a decrease in temper-
ature, with changes of approximately − 1 and − 0.5 °C on 
the northern side and the other three sides, respectively 
(Fig. 11a). The situation reproduced in the model roughly 
matches the results of the actual observations at 5:00 a.m. 
(Fig. 6). A more detailed examination reveals that the tem-
perature effects at positions corresponding to the N-1, N-2, 
and N-3 measurement points are − 2.4, − 1.4, and − 1 °C, 
respectively, with a large gradient in the east–west direc-
tion. This can be explained by the fact that the units on the 
ground floor, which have the largest temperature effect, oper-
ate only in the eastern two columns. However, this simula-
tion result is not consistent with the observed results, where 
all measured values are almost uniformly within the range 
of − 1.1 to − 1.0 °C. This discrepancy between the simulation 
and the observation suggests the influence of more complex 
local airflows that cannot be captured by the measurements 
in this study.

The simulation results (Fig. 11) show that the temperature 
near the outdoor units decreased non-uniformly due to the 
effect of cold exhaust. Equation (4) shows that in theory, 
the amount of cold exhaust (H1) of each unit decreases 
with the intake air temperature. However, as the intake air 
temperature of each unit was not measured, the rooftop air 
temperature Ta was used as the air temperature in Eq. (4). 
This means that the decrease in the intake air temperature 
due to cold exhaust and its spatial non-uniformity was not 
considered in the calculation of H1. This may cause uncer-
tainty in the estimated values of the total amount of cold 
exhaust (Hn) and the effective amount of cold exhaust (He). 
As the simulated result is a reproduction of the scenario 
in which the largest temperature reduction occurred of all 
observed periods, it may be used to estimate the maximum 
range of errors attributable to this uncertainty. In the simu-
lated result, the intake air temperature of the outdoor unit 
was 25.0 °C for T-4 on the top floor, 24.9 and 24.7 °C for 
M-2 and M-3 on the middle floor, respectively, and 23.4 °C 
for both G-1 and G-2 on the ground floor. Here, the average 
air temperature of the three grids on both sides and the top 
of each unit was used as the intake air temperature. Using 
the values in Eqs. (3) and (4), the H1 was –6.17 kW for T-4 
on the top floor, –6.17 and –6.16 kW for M-2 and M-3 on the 
middle floor, respectively, and –6.14 kW for both G-1 and 
G-2 on the ground floor; this yields a total of –30.8 kW. By 
using the inflow boundary temperature of 25.2 °C in Eq. (1), 

Fig. 11  Simulated distribution of air temperature at 5:00 a.m. on 
August 20, 2008: a horizontal distribution 1.5 m above the ground, 
b vertical cross-section along north–south line BB′, and c same as b, 
but for line CC′
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–30.9 kW was the total amount of cold exhaust (Hn). This 
approximates to an overestimation of 0.33%; thus, the dif-
ference is negligible. When the spatial non-uniformity of the 
intake air temperature was considered, the cold exhaust from 
the middle and top floors was 0.47%–0.56% larger than the 
ground floor. This proportion is negligible as it was smaller 
by two orders of magnitude than the weighting factors of 
44% and 32% used to calculate the effective amount of cold 
exhaust (He) in Eq. (2). Based on these results, consideration 
of the decrease in intake air temperature had no significant 
effect on the estimated Hn or He.

Outside the site, the cooled region (where 1.5-m air tem-
peratures were 0.5 − 1.5 °C lower than the inflow air) extends 
beyond the site boundary to the surrounding areas, forming 
a cool spot the size of a city block (Fig. 11a). Much of the 
cold exhaust from the ground floor, in particular, flows into 
the north–south street on the west side of the target building, 
where the 1 and 0.5 °C-cooled regions reach approximately 
20 and 40 m downstream, respectively (Fig. 11b). The cold 
air accumulates in the space between the target building and 
another building located approximately 10 m to the north, 
and the altitude of the 1° C-cooled region reaches more than 
4 m above the ground (Fig. 11c).
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