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ABSTRACT

The most significant basis for sustainable development, as well as one of the most critical concerns of today’s human societies, is
energy and how it is consumed. In Iran, about 40% of energy is consumed in residential, commercial, and office buildings.
Considering the importance of energy for sustainable development, buildings with zero energy consumption have found a lot of
supporters. In the present paper, buildings with zero energy consumption in the north of Iran (Qa’emshahr city) were studied, and
the feasibility study for constructing such buildings in this humid mountainous area was done. In this regard, a residential building
with a conventional condition was considered as a sample, and energy efficiency parameters were investigated; using different
methods, energy consumption of the building was reduced to zero. The research method in this study was based on two principles.
At first, using scientific resources, new methods for reducing energy consumption in buildings and how they are managed were
researched; in the second step, which is the main part of this paper, using DesignBuilder Software, the energy consumption of the
building was determined. In the final step, the power generation capacity and panel area and economic considerations in
the payback period were calculated per month. For this purpose, an average of 63 m2 of the solar panel was considered to be the
electrical power of the building, which was able to fully produce the building’s electricity requirement in 8months. According to the
results, with activities, the amount of electrical energy used for air conditioning in the building has been released by 80% and has
been detracted from 34MW to 7MW. In the case of return on investment (R0I), to supply the required power generation for the
building, it would be possible to receive about 15000 $per year from the Iranian Ministry of Energy.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5046512

I. INTRODUCTION

Regarding the consequence of energy discussion in build-
ings, governments have also taken decisions to optimize energy
consumption in buildings. In Europe, it was decided to apply a
zero-energy approach to public buildings and buildings owned
by authorities from 2018 recommended.1 In the United States,
according to a law passed in 2007 to support the construction of
buildings with zero net energy consumption, up to 204 and up
to 2050, half of the commercial buildings and all American

commercial buildings should have zero net energy consump-
tion.2 In Australia, from 1990 to 2005, with the help of some
modifications in the National Building Regulations, they were
able to decrease the required power for air conditioning from 78
to 56 kWh/m2.3 In Iran, the National Building Regulations
(energy efficiency) have taken a major step towards saving
energy consumption in buildings, and it has been compulsory
since 2005 for public buildings.4 Implementation of energy effi-
ciency programs in buildings will increase construction costs up
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to only 5% higher than conventional designs and, by contrast,
reduce the capacity of the heating systems up to 40%.5,6

Ren and his colleagues7–18 have published several papers on
energy, energy efficiency, energy security, renewable energy,
and energy consumption. They studied the effectiveness of
energy and sustainability in Lifecycle, environmental, social-
political, and technological aspects. Also, they worked on the
greenhouse and they measured energy (heating, cooling, and
electricity) supply against climate changing, especially in
China.19–24

The construction of houses with zero energy buildings
(ZEBs) is based on the use of renewable energies in the home,
which is important for the future of greenhouse gas emissions
and investigated by Sartori.25–27 The type of renewable energy
used is based on the potential of the identified areas, the capac-
ity of the systems, regarding climate conditions, building char-
acteristics, the metric of the balance, the balancing period, the
type of energy use included in the balance, and the type of
energy balance that is studied by Marszal et al.28 Sesana and
Salvalai have shown that there is still no unique standard for
constructing a zero-energy building, for instance; in European,
Australian, and American societies, there are several definitions
for the concept of ZEB.29 They also studied the thermal and
cooling comfort and energy consumption of ZEB in many differ-
ent countries.30–33

Norton and Christensen34 using DOE2 and BEopt software
modeled a 1200 ft2, 3-bedroom Denver home in which high-
performance lighting equipment, a photovoltaic system, and
solar heaters (passive and active) were practiced. They opti-
mized the performance of equipment and home appliances and
lighting to achieve minimum energy consumption. They were
able to reduce the need for building energy by 12% and reduce
the need for lighting by 1%. Stephens35 studied the performance
of active and passive technologies for zero-energy homes in six
different climate regions of the United States. In his research, in
the first step, a study on the feasibility of using low-energy
methods in these climates was performed, and then, the appro-
priate strategy for each climate following the conditions was
chosen. His research showed that, in regard to weather condi-
tions and how to manage the building, the energy consumption
of a building could be diminished by between 19 and 30%.Weis36

explored the opportunities available to create solar buildings,
generate electricity, and warm weather from the sun in one of
Canada’s cities. In the first stage, they illustrated that to reach
zero energy houses, optimal design of the building is very
important regarding solar heat. So, using an optimal configura-
tion, it is possible to provide between 20% and 50% of the
energy needed in the building directly from the sun. In the sec-
ond stage, they showed that 6 m2 of the solar panel surface
could generate 3180 kWh of energy per year to provide buildings
with hot water, and also, using photovoltaic systems with a
capacity of 1 kW can contribute 13.5% of the electrical energy
per year.

Deng et al.,37 using TRNSYS software, modeled two build-
ings in Shanghai and Madrid. They showed that for constructing
such a building in these cities, 3026 kWh/m2 is needed, with 17.9
and 10.1 years, respectively, for the return of capital. Mirkhani

et al.38 modeled a zero-energy building in Tehran. The results of
this modeling show that in the coldest days of the year in
Tehran, the heating energy demand is 1.5 ton, and for the warm-
est ones, the cooling energy demand is 1.8 ton. For the same
building, the annual energy required for heating was estimated
to be 0.824 GJ, and for cooling, it was estimated to be 1.008 GJ.
Examining different photovoltaic surfaces in this research
showed that a surface with an area of 21 m2 is the most optimal
photovoltaic surface which can supply the energy required by
the heat pump for cooling and heating. LED lights were also
used to provide lighting and reduce heating loads. The building
demand for electricity was estimated to be 4673.54 kWh, while
the use of photovoltaic panels can produce electrical energy of
12 594.7 kWh of, which is 63% higher than the energy consumed
by the building. Construction of zero-energy buildings in differ-
ent climates requires an all-round study of climate conditions
and consumption patterns in that climate. The 3 most important
factors in the climate of an area are: (1) The annual temperature
variation in order to find the annual cooling and heating temper-
ature; (2) The distribution of wind speed in the given area to
estimate the amount of energy generated by wind turbines; and
(3) The amount of direct and diffuse radiation of sunlight to cal-
culate the amount of energy produced by a solar system. The
energy consumption pattern of each climate has a significant
and irrefutable effect on the construction of zero energy houses.
For these purposes,Williams39 using three European case stud-
ies for low carbon transition experiments, BedZed (London),
Hammarby Sjostad (Stockholm), and Vauban (Freiburg) investi-
gated the processes of broadening within cities and nations and
across cities globally.

II. CLIMATE AND MODELING VALIDATION

The studied area in the north of Iran with an area of about
24 000 km2 is located between the latitudes of (35� 070 0000)
to (36� 350 0000) of northern latitude and (50� 340 0000) to (54�

140 0000) of the eastern longitude of the Greenwich meridian.
Meteorology and climate, which are a set of atmospheric phe-
nomena, may depend on factors such as the latitude, longitude,
distance from the sea, the length and height of the mountains,
andmany other conditions, as they vary in different regions. The
important elements of meteorology include; temperature,
humidity, wind, radiation that hydrological phenomena are also
affected by them. Therefore, the present research studies the
mentioned parameters in the studied area (Qa’emShahr). The
monthly average temperature, relative humidity (RH), radiation,
and wind velocity information is shown in Table I.

Before designing the heating and cooling system, the used
software (DesignBuilder) in building energy modeling should be
validated and verified. For this purpose, the outputs of this soft-
ware have been compared with the results of Heiselberg’s
research.40 In an experimental study, Heiselberg built a room of
6 � 6 � 6 m3 in Bolognese, Georgia, using a double-skin façade
technology. He explored the performance of this facade during
the two weeks, from 1st to 15th October, and then compared his
experimental results against building modeling results obtained
using BSim software. The results of the modeling in the present
research using DesignBuilder almost follow the experimental and
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modeling results of Double Skin Façade obtained using BSim soft-
ware. Therefore, it can be concluded that the modeling results
principally match with the actual results of the studied building.

III. BUILDING DESIGN

In this research, the feasibility of designing houses with zero
energy consumption in the northern clime of Iran is investigated.
For this purpose, a building as a sample has been selected in this
climate, and its energy consumption has been calculated using
DesignBuilder software. Then, using different methods, the
amount of energy dissipation and consumption in different sec-
tors are reduced to minimize the energy demand of the building.
In the next step, renewable energy sources, especially solar
energy, are used to supply the demand energy of the building.

To determine how each parameter will affect the reducing
energy consumption in hot and cold seasons and to calculate
the cooling and heating load of the building in different months,
which is the basis for the feasibility of designing zero energy
houses, the following situations can be considered:

1. The simulation of the building in its base state;
2. The simulation of the building by applying optimization

techniques and reducing energy consumption; and
3. Supply of required energy from renewable energy sources.

A. Determination of the map and drawing plan

The building is a 1-story and 5-person residential house,
with a useful floor area of 360 m2. The height of the buildingis
3m. The building consists of 9 spaces, including 3 bedrooms, a
living room, a work desk, a hall and a reception room, a kitchen,
a bathroom, and a toilet, and is subjected to free air in three
directions.

B. Materials used in the building

The most important parameter affecting the energy con-
sumption of a building is the materials used in that building, and
for this reason, numerousmultidisciplinary studies in recent years
have been dedicated to enhancing the properties of the building’s
materials or to introducing a new generation of more efficient
materials. Nano-engineering is one of the most advanced
branches of science, which is involved in material design. Several
studies have been done in the characterization of nanomaterials
by simulating them as nano-scale mechanical elements to design
the next generation of advanced engineering smart materials
such as smart windows (electrochromics) and phase changemate-
rials.41–48,53,55–57 In this study, the thickness and thermal properties
of thematerials used in the building walls are listed inTables II–VI.

C. Energy-consuming household appliance
and equipment

A Part of the electricity consumption in the building
depends on the lighting system and equipment. The power con-
sumption can be estimated by calculating the number and the
power consumption of appliances and lighting equipment. The
amount of consumption in each one of them is listed according
to the available standards in Table VII. Also, Window specifica-
tions, thermal comfort, and type of primary heating and cooling
system are shown inTable VIII.

D. Simulation of the building by applying optimization
techniques

In the second step, the effects of different factors on
energy consumption are investigated to minimize the energy
consumption of the building. Energy Conservation
Opportunities (ECOs) are a set of actions that can be applied to
reduce energy consumption in the building. The energy effi-
ciency solutions used in this study are presented:

TABLE I. Climate average data of Qa’emshahr.

Data January February March April May Jun July August September October November December Average (yearly)

Temp. (�C) 7.4 8 10.5 15.4 20 24.1 26.1 26.6 23.8 19.1 13.7 9.3 17
RH (%) 84 84 84 82 79 79 80 80 82 83 84 85 82
Rad. (W/m2) 138.3 121.4 127.8 156.4 200.6 212.8 212.2 185.3 161.1 171 149.6 134.4 1970.9
Wind (km/h) 3 3.2 3.6 3.6 3.4 3 2.7 2.7 2.9 2.7 2.6 2.8 3

TABLE II. Details of the materials used in the external walls of the studied building.

Heat resistance
(m2 K/W)

Layer
thickness (m)

Thermal
conductivity (W/m K)

Specific heat
capacity (J/kg K)

Specific
weight (kg/m3)

Materials included
in the layer (-)

Layer number
(Dimension)

0.0133 0.002 0.15 1500 1050 Plastic color 1
0.0625 0.01 0.16 840 950 Plaster 2
0.08 0.02 0.25 1000 1300 Soil plaster 3
0.79 0.3 0.38 1000 1200 HEBELEX (autoclaved

aerated concrete)
4

0.027 0.03 1.1 1000 1800 Cement-sand mortar 5
0.0071 0.02 2.8 1000 2600 Granite 6

Journal of Renewable
and Sustainable Energy ARTICLE scitation.org/journal/rse

J. Renewable Sustainable Energy 11, 015103 (2019); doi: 10.1063/1.5046512 11, 015103-3

Published under license by AIP Publishing

https://scitation.org/journal/rse


ECO1: Thermal insulation of the external walls of the building
ECO2: Thermal insulation to external walls and the roof of
the building
ECO3: Thermal insulation to the floor of the building
ECO4: Using UPVC doors and windows and double-glazed
glass with sealing and reducing penetration
ECO4(a): Reducing the load caused by natural air
penetration

ECO4(b): Reducing the conductive load through the glass
ECO5: Using intelligent lighting control
ECO6: Green roof
ECO7: Using interior shutters
ECO8: Using retractable outdoor awnings
ECO9: Using variable refrigerant flow (VRF) systems
ECO10: Supply of energy from renewable energy sources
ECO10(a): Designing the solar water heater

TABLE III. Details of the materials used in the internal walls of the studied building.

Heat resistance
(m2 K/W)

Layer thickness
(m)

Thermal conductivity
(W/m K)

Specific heat capacity
(J/kg K)

Specific weight
(kg/m3)

Materials included in
the layer (-)

Layer number
(Dimension)

0.0133 0.002 0.15 1500 1050 Plastic color 1
0.0625 0.01 0.16 840 950 Plaster 2
0.08 0.02 0.25 1000 1300 Soil plaster 3
0.027 0.3 0.38 1000 1200 Clay block 4
0.08 0.02 0.25 1000 1300 Soil plaster 5
0.0625 0.01 0.16 840 950 Plaster 6
0.0133 0.002 0.15 1000 1050 Plastic color 7

TABLE IV. Details of the materials used in the roof of the studied building.

Heat resistance
(m2 K/W)

Layer thickness
(m)

Thermal conductivity
(W/m K)

Specific heat
capacity (J/kg K)

Specific weight
(kg/m3)

Materials included
in the layer (-)

Layer number
(Dimension)

0.0133 0.002 0.15 1500 1050 Plastic color 1
0.0625 0.01 0.16 840 950 Plaster 2
0.08 0.02 0.25 1000 1300 Soil plaster 3
0.027 0.3 0.38 1000 1200 Bricks for the soldier course 4
0.08 0.02 0.25 1000 1300 Sealing and insulation materials

(Bitumen, gunny sack, and Isogam)
5

0.0625 0.01 0.16 840 950 Cement-sand mortar 6
0.0133 0.002 0.15 1000 1050 Mosaic 7

TABLE V. Details of the materials used in the floor of the studied building.

Heat resistance
(m2 K/W)

Layer thickness
(m)

Thermal conductivity
(W/m K)

Specific heat capacity
(J/kg K)

Specific weight
(kg/m3)

Materials included
in the layer (-)

Layer number
(Dimension)

0.0062 0.005 0.8 850 1700 Ceramic 1
0.0545 0.06 1.1 1000 1800 Cement-sand mortar 2
0.1923 0.1 0.52 1200 1980 Gravel 3
0.2777 0.2 0.72 840 1920 Brick 4

TABLE VI. Details of the materials used in the bathroom and toilet of the studied building.

Heat resistance
(m2 K/W)

Layer thickness
(m)

Thermal conductivity
(W/m K)

Specific heat
capacity (J/kg K)

Specific weight
(kg/m3)

Materials included
in the layer (-)

Layer number
(Dimension)

0.005 0.005 1 800 1530 Tile 1
0.0008 0.001 1.15 1000 1250 Cement slurry 2
0.2777 0.2 0.72 840 1920 Brick 3
0.08 0.02 0.25 1000 1300 Soil plaster 4
0.0625 0.01 0.16 840 950 Plaster 5
0.0133 0.002 0.15 1500 1050 Plastic color 6
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ECO10(b): Supply of electrical energy required for the build-
ing from photovoltaic cells.

IV. RESULTS AND DISCUSSION

In this section, the results of energy simulation of the studied
building using DesignBuilder software are presented. Initially, the
results of simulation in the base state are done. Then, the impact
of each energy efficiency optimization solution is analyzed. Finally,
the energy supply of the building by solar cells is monitored.

A. Determination of energy consumption of the
building in its base state

The analyzed building has an air conditioning system in a
variety of thermal comfort (the temperature is set to 23.5 �C for

the summer and 22 �C for the winter). The building is exposed to
free air around it. The air penetrated into the room, that its tem-
perature is equal to the outside air temperature, is replaced 1 time
per hour. Also, the heat transfer algorithm for internal and exter-
nal surfaces is considered by default DOE2, respectively. The
monthly and annually separated energy consumption (electrical
equipment, lighting, heating, and cooling) of the building in its
base state is calculated, and it is presented in Figs. 1(a) and 1(b).

B. The results of optimizing energy consumption

In the second step to design a zero energy house, as previ-
ously mentioned, the effects of various factors such as insula-
tion, the use of double glazed windows, and sensible lighting on
the energy consumption to minimize the energy consumption
of the building were studied. In Figs. 2(a)–8(b), the result of each
of the parameters is shown.

1. The results of insulation

See Figs. 2 and 3.
Regarding the fact that the climate is cold most of the time

and the insulation of the building allows less cold to enter the
building, in this way, the need for heating will be reduced. But
on the other hand, the same building transmits its thermal
energy to the outside through the walls,which can be prevented
by building insulation, and the cooling requirement increases to
reduce the temperature inside the building.

TABLE VII. Details of the appliance and equipment used in the studied building.

Washing machine Meat grinder Food processor Microwave Rice cooker Refrigerator Vacuum cleaner Iron Appliance

2000 500 500 1000 800 1000 1300 1700 Power (W)

Audioand sound equipment Hairdryer Dishwasher Hood Television set Laptop Printer Computer Appliance

40 1200 1500 140 150 40 300 450 Power (W)

TABLE VIII. Window specifications, thermal comfort, and type of primary heating
and cooling system.

23.5 �C Thermal comfort in summer
22 �C Thermal comfort in winter
Electric heater with the coefficient of performance: 0.95 Type of heating system
Window cooler with the coefficient of performance: 1.5 Type of cooling system
Horizontal divisions of the window: 1 Window specification
Vertical divisions of the window: 1
Type of glass: ordinary single-glazed
Glass thickness: 3 mm
Types of window frames: aluminum
Window height: 1.5 m

FIG. 1. (a) Monthly energy consumption (base state). (b) Annual energy consumption (base state).
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FIG. 2. (a) Monthly electrical energy consumption (wall insulation). (b) Annual electrical energy consumption (wall insulation).

FIG. 3. (a) Monthly electrical energy consumption (roof insulation). (b) Annual electrical energy consumption (roof insulation).

FIG. 4. (a) Monthly electrical energy consumption (double-glazed windows). (b) Annual electrical energy consumption (double-glazed windows).
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FIG. 5. (a) Monthly electrical energy consumption (interior shutters). (b) Annual electrical energy consumption (interior shutters).

FIG. 6. (a) Monthly electrical energy consumption (retractable outdoor awnings). (b) Annual electrical energy consumption (retractable outdoor awnings).

FIG. 7. (a) Monthly electrical energy consumption (green roof). (b) Annual electrical energy consumption (green roof).
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2. The results of using double glazed windows

See Fig. 4.
The function of double-glazed windows is beneficial in cold

and warm seasons. Because it prevents the cold from entering
the building during the cold season, and in the warm season, in
addition to the conduction method, it also transmits heat from
the inside to the outside, as well as inversely from the outside to
the inside, and therefore makes the temperature to remain
resolute.

3. The results of using interior shutters

See Fig. 5.
The interior shutters have been used to maximize the

use of natural light. It is used only in the ampere-hours;
meanwhile, the solar radiation energy is too high and it can
lead to overheating of the building. By preventing the heat
from entering into the building, the building’s cooling load
will be reduced.

4. The results of using retractable outdoor awnings

See Fig. 6.

5. The results of using green roof

See Fig. 7.

6. The results of using variable refrigerant flow (VRF)
systems

See Fig. 8.

C. Overall optimization results

As a result, Figs. 9 and 10, it can be assumed that through
these operations, the amount of electrical energy used for air
conditioning in the building has dropped by about 80 percent
and decreased from 34 MWh to 7 MWh. By calculating the
energy required for the building and reducing it to the minimum
feasible, it is utilized to supply power from photovoltaic panels
on sunny days and solar water heaters. On sunny days, the
remaining energy required is provided by photovoltaic panels

FIG. 8. (a) Monthly electrical energy consumption (variable refrigerant flow). (b) Annual electrical energy consumption (variable refrigerant flow).

FIG. 9. Percentage of saving energy using energy-efficient strategies. FIG. 10. Monthly electrical energy consumption of the air conditioner (optimized).
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and solar water heaters that Table IX shows the photovoltaic
panel properties.

D. The results of the solar simulation

DesignBuilder software, which uses the climate data of the
northern clime of Iran, has been applied in this research for
modeling the decentralized building; the software performs all
calculations. After estimating the intensity of the solar radiation
in the given climate, as well as the electrical power consumption
of the building using the DesignBuilder software, it is possible to
determine the capacity of the solar panels needed to provide
the required energy of the building. Only 10 percent of the
energy is received by panels as solar radiation can be converted
into electrical power. In the process of converting solar thermal
energy into electrical energy, various factors, such as kinds of
solar cells, solar energy storage batteries, as well as inverters
used to convert DC into AC power, are effective. Considering
the amount of monthly electric power consumption and solar
power generation capacity, the surface area required by solar
panels can be calculated, as shown in Figs. 11 and 12.

Monthly energy consumption of the building, power gener-
ation capacity per month, and the surface area required by solar
panels are calculated. According to Fig. 12, it is clear that in the
worst case, in months when the intensity of the sun is low, 218
m2 of solar panel is needed to supply the electricity required for
the building,while in the best state of sunshine, this surface area
is reduced to 63 m2. Therefore, a 63m2 solar panel,which will be

able to generate the building’s electricity requirement for eight
months entirely, is intended to provide the building with the
electrical energy. In order to supply the electrical power
required by the building in the remaining four months, in addi-
tion to using energy-saving methods, the necessary electricity
can be purchased from the grid and, instead of paying for elec-
tricity in these four months, the surplus electricity in the other
eight months of the year can be sold. In the following, the excess
electricity generated in the eight months and the excess elec-
tricity consumed in the four months are analyzed, and the
results are presented inTable X.

The price of the electricity purchased from the grid is 500
Rials/kWh, and the price of the electricity purchased from the
customer by the Iranian Ministry of Energy is 433R (about 0.1 $)
per kilowatt hour. Therefore, the results of Table X can be
obtained.

According to the results of Table XI, it is clear that using 63
m2 of solar panels, the required power for the building in differ-
ent months can be supplied. In the case of return on investment
(R0I), it would be possible to receive 626 603 300 Rials (about 15
000 $) per year from the IranianMinistry of Energy.

V. CONCLUSION

The results of this research show that the construction of a
zero-energy building in the north of Iran (Qa’em-Shahr city) is
possible in theory. The building is a one-story house with a total
area of 360 m2, powered by a photovoltaic panel. In this
research, energy consumption improvements of a building in a
humid mountainous area that shows how can approach the
energy of the building to zero such as the amount of electrical
energy used for cooling and heating purposes that have been
released with doing some utilization with using photovoltaic
panels. Also, in the case of return on investment, it can be
claimed that supplying the required power generation would be
trustworthy to receive about 15 000 $/year in the city from
northern Iran. In addition, the design process can be summa-
rized into three sequential stages: the simulation of the building
in its base state, the simulation of the building by applying opti-
mization techniques, and reducing energy consumption and

TABLE IX. Specifications of the photovoltaic panel.5

Net weight; 46 kg
Maximum pressure of function; 10 bars
Substance of absorber; Aluminium
Substance of razor; Copper
Conversion factor; 0.79
Absorption coefficient; 0.94
Optimized angles; 33 deg

FIG. 11. The electrical energy consumption of the building in kilowatts hour.

FIG. 12. Solar power generation capacity in watts-hour per square meter.
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supply of required energy from renewable energy sources.
Finally, it should be transcribed that according to this research,
the use of renewable energy potential across the different cli-
mates of Iran can be a factor in increasing the use of the systems
in the domestic sector. Of course, the use and prevalence of
these types of technologies in the domestic sector require com-
prehensive technical and economic analysis, and it may also be
able to acquire Government grants.

REFERENCES
1M. M. Sesana and G. Salvalai, “Overview on life cycle methodologies and
economic feasibility fornZEBs,” Build. Environ. 67, 211–216 (2013).

2U.S. Green Building Council (USGBC), Leadership in Energy and
Environmental Design (LEED) Green Building Rating System, http://
www.usgbc.org/leed, LEED and zero net energy.

3S. Bambrook, A. Sproul, and D. Jacob, “Exploring the zero energy-
house concept for Sydney,” in The 47th ANZSES Annual Conference,
Solar09, Townsville, Queensland, Australia, 29 September–2 October
2009.

4J. Eshraghi, N. Narjabadifam, N. Mirkhani, S. Sadoughi Khosroshahi, and
M. Ashjaee, “A comprehensive feasibility study of applying solar energy to

design a zero energy building for a typical home in Tehran,” Energy Build.
72, 329–339 (2014).

5S. Hoseinzadeh and R. Azadi, “Simulation and optimization of a solar-
assisted heating and cooling system for a house in Northern of Iran,”
J. Renewable Sustainable Energy 9, 045101 (2017).

6M. E. Yousef Nezhad and S. Hoseinzadeh, “Mathematical modelling and
simulation of a solar water heater for an aviculture unit using MATLAB/
SIMULINK,” J. Renewable Sustainable Energy 9, 063702 (2017).

7J. Ren and B. K. Sovacool, “Prioritizing low-carbon energy sources to enhance
China’s energy security,” Energy Convers. Manage. 92, 129–136 (2015).

8J. Ren, D. Xu, H. Cao, S. A.Wei, L. Dong, and M. E. Goodsite, “Sustainability
decision support framework for industrial system prioritization,” AIChE J.
62(1), 108–130 (2016).

9J. Ren and H. Liang, “Multi-criteria group decision-making based sustain-
ability measurement of wastewater treatment processes,” Environ.
Impact Assess. Rev. 65, 91–99 (2017).

10J. Ren and M. L€utzen, “Selection of sustainable alternative energy source
for shipping: Multi-criteria decision making under incomplete
information,” Renewable Sustainable Energy Rev. 74, 1003–1019 (2017).

11J. Ren, A. Manzardo, S. Toniolo, and A. Scipioni, “Sustainability of hydrogen
supply chain. Part II: Prioritizing and classifying the sustainability of
hydrogen supply chains based on the combination of extension theory
and AHP,” Int. J. Hydrogen Energy 38(32), 13845–13855 (2013).

TABLE X. Summary of the monthly energy consumed and generated in the studied building.

The difference between
electricity generated
and consumed

Solar-generated
electrical energy using

the 63 m2 panel
The surface area required

by solar panels

Solar power
generation capacity

(Wh/m2)
The energy consumption
of the building (Wh)

Month (converted
from the Persian calendar
to the Gregorian calendar)

97 439 803 439 55.36 12 753 706 000 21st March–20th April
536 299 943 299 27.28 14 973 407 000 21st April–21st May
495 789 1 020 789 32.4 16 203 525 000 22nd May–21st June
192 758 1 024 758 51.15 16 266 832 000 22nd June–22nd July
15 640 1 088 640 62.095 17 280 1 073 000 23rd July–22nd August
32 983 934 983 60.77 14 841 902 000 23rd August–22nd September
228 497 826 497 45.58 13 119 598 000 23rd September–22nd October
205 039 690 039 44.28 10 953 485 000 23rd October–21st November
�422 604 522 396 113.97 8292 945 000 22nd November–21st December
�968 170 466 830 193.66 7410 1 435 000 22nd December–20 January
�1 083 055 441 945 217.39 7015 1 525 000 21st January–19th February
�620 590 508 410 139.9 8070 1129 000 20th February–20th March

TABLE XI. The cost of electricity paid and received in different months.

Cost for
customer

The difference between
electricity generated and consumed

The energy consumption
of the building

Month (converted from
the Persian calendar to the

Gregorian calendar)

42 191.1 97 439 706 000 21st March–20th April
232 217.5 536 299 407 000 21st April–21st May
217 676.7 495 789 525 000 22nd May–21st June
83 464.2 192 758 832 000 22nd June–22nd July
6772.1 15 640 1 073 000 23rd July–22nd August
1428.1 32 983 902 000 23rd August–22nd September
98 939.2 228 497 598 000 23rd September–22nd October
88 741.8 205 039 485 000 23rd October–21st November
�21130.2 �422 604 945 000 22nd November–21st December
�48 408.5 �968 170 1 435 000 22nd December–20th January
�54 152.7 �1 083 055 1 525 000 21st January–19th February
�31 029.5 �620 590 1129 000 20th February–20th March

Journal of Renewable
and Sustainable Energy ARTICLE scitation.org/journal/rse

J. Renewable Sustainable Energy 11, 015103 (2019); doi: 10.1063/1.5046512 11, 015103-10

Published under license by AIP Publishing

https://doi.org/10.1016/j.buildenv.2013.05.022
http://www.usgbc.org/leed
http://www.usgbc.org/leed
https://doi.org/10.1016/j.enbuild.2014.01.001
https://doi.org/10.1063/1.5000288
https://doi.org/10.1063/1.5010828
https://doi.org/10.1016/j.enconman.2014.12.044
https://doi.org/10.1002/aic.15039
https://doi.org/10.1016/j.eiar.2017.04.008
https://doi.org/10.1016/j.eiar.2017.04.008
https://doi.org/10.1016/j.rser.2017.03.057
https://doi.org/10.1016/j.ijhydene.2013.08.078
https://scitation.org/journal/rse


12J. Ren and B. K. Sovacool, “Quantifying, measuring, and strategizing
energy security: Determining the most meaningful dimensions and metri-
cs,” Energy 76, 838–849 (2014).

13J. Ren, S. Tan, L. Dong, A. Mazzi, A. Scipioni, and B. K. Sovacool,
“Determining the life cycle energy efficiency of six biofuel systems in
China: A data envelopment analysis,” Bioresour. Technol. 162, 1e7 (2014).

14J. Ren, “New energy vehicle in China for sustainable development:
Analysis of success factors and strategic implications,” Transportation
Research Part D: Transport and Environment 59, 268–288 (2018).

15J. Ren, “Sustainability prioritization of energy storage technologies for
promoting the development of renewable energy: A novel intuitionistic
fuzzy combinative distance-based assessment approach,” Renewable
Energy 121, 666–676 (2018).

16J. Ren and X. Ren, “Sustainability ranking of energy storage technologies
under uncertainties,” J. Cleaner Prod. 170, 1387–1398 (2018).

17H. Zou et al., “Market dynamics, innovation, and transition in China’s solar
photovoltaic (PV) industry: A critical review.,” Renewable and Sustainable
Energy Reviews 69, 197–206 (2017).

18J. Ren, L. Dong, and L. Dong, “Life cycle cost optimization of biofuel sup-
ply chains under uncertainties based on interval linear programming,”
Bioresour. Technol. 187, 6–13 (2015).

19J. Ren, K. P. Andreasen, and B. K. Sovacool, “Viability of hydrogen pathways
that enhance energy security: A comparison of China and Denmark,” Int.
J. Hydrogen Energy 39, 15320–15329 (2014).

20J. Ren, H. Liang, and F. T. S. Chan, “Urban sewage sludge, sustainability,
and transition for Eco-City: Multi-criteria sustainability assessment of
technologies based on best-worst method,” Technol. Forecasting Soc.
Change 116, 29–39 (2017).

21J. Ren, M. E. Goodsite, and B. K. Sovacool, “Climate change: Climate justice
more vital than democracy,” Nature 526, 323 (2015).

22J. Ren, S. Gao, and A. Mazzi, “Role prioritization of hydrogen production
technologies for promoting hydrogen economy in the current state of
China,” Renewable Sustainable Energy Rev. 41, 1217–1229 (2015).

23J. Ren, A. Manzardo, A. Mazzi, F. Zuliani, and A. Scipioni, “Prioritization of
bioethanol production pathways in China based on life cycle sustainability
assessment and multicriteria decision-making,” Int. J. Life Cycle Assess.
20, 842–853 (2015).

24J. Ren, S. Tan, M. E. Goodsite, B. K. Sovacool, and L. Dong, “Sustainability,
shale gas, and energy transition in China: Assessing barriers and prioritiz-
ing strategic measures,” Energy 84, 551–562 (2015).

25I. Sartori, N. H. Sandberg, and H. Brattebø, “Dynamic building stock
modelling: General algorithm and exemplification for Norway,” Energy
Build. 132, 13–25 (2016).

26I. Sartori, A. Napolitano, and K. Voss, “Net zero energy buildings: A consis-
tent definition framework,” Energy Build. 48, 220–232 (2012).

27Directive (EU) 2018/844 of the European Parliament and of the Council of
30 May 2018 amending Directive 2010/31/EU on the energy performance
of buildings and Directive 2012/27/EU on energy efficiency (Text with
EEA relevance), https://eur-lex.europa.eu/legal-content/EN/TXT/?toc
=OJ%3AL%3A2018%3A156% 3ATOC&uri=uriserv%3AOJ.L_.2018.156.01.0075.
01.ENG, greenhouse gas emissions.

28A. J. Marszal et al., “Zero energy building - A review of definitions and cal-
culation methodologies,” Energy Build. 43, 971–979 (2011).

29M. M. Sesana and G. Salvalai, “A review on building renovation passport:
Potentialities and barriers on current initiatives,” Energy Build. 173,
195–205 (2018).

30M. M. Sesana, M. Grecchi, G. Salvalai, and C. Rasica, “Methodology of
energy efficient building refurbishment: Application on two university
campus-building case studies in Italy with engineering students,” J. Build.
Eng. 6, 54–64 (2016).

31G. Salvalai, J. Pfafferott, and M. M. Sesana, “Assessing energy and thermal
comfort of different low-energy cooling concepts for non-residential
buildings,” Energy Convers. Manage. 76, 332–341 (2013).

32G. Salvalai, M. M. Sesana, and G. Iannaccone, “Deep renovation of multi-
storey multi-owner existing residential buildings: A pilot case study in
Italy,” Energy Build. 148, 23–36 (2017).

33G. Salvalai, G. Masera, and M. M. Sesana, “Italian local codes for energy
efficiency of buildings: Theoretical definition and experimental applica-
tion to a residential case study,” Renewable Sustainable Energy Rev. 42,
1245–1259 (2015).

34P. Norton and C. Christensen, “Performance results from a cold climate
case study for affordable zero energy homes,” in ASHRAE Transactions 114
PART 1 (2008), pp. 218–229.

35B. Stephens, “Modeling a net-zero energy residence: Combining passive and
active design strategies in six climates,” ASHRAE Trans. 117, 381–388 (2011).

36T. Weis, “The potential of clean energy for equity in remote communities
in the North,” in Ensuring a Sustainable Future: Making Progress on
Environment and Equity, edited by J. Heymann and M. Barrera (Oxford
University Press, 2014), Chap. 12.

37S. Deng, R. Z. Wang, and Y. J. Dai, “How to evaluate performance of net
zero energy building - A literature research,” Energy 71, 1–16 (2014).

38N. Mirkhani, S. Sadoughi, J. Eshraghi, N. Narjabadi, and A. Nakhaei,
Designing Zero Energy Building for TehranB37B36:B44M35B36 (Energy
Systems Laboratory/Texas A&M University, 2012).

39J. Williams, “Can low carbon city experiments transform the development
regime?,” Futures 77, 80–96 (2016).

40R. L. Jensen, O. Kalyanova, and P. Heiselberg, “Modeling a naturally venti-
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