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Abstract: The continuing importance of energy conservation in the building sector has drawn major
attention to energy audits of existing buildings in different climates. In this paper, the energy
conservation potential of a residential building located in Iran’s cold climate was investigated through
an analysis of its actual energy consumption and through computer simulation. The building
base-load was determined using a linear regression method based on existing energy bills, and was
used to validate the computer simulation of its energy usage. The impact of typical energy saving
solutions was evaluated for three cost refurbishment scenarios: low, medium and high. The results
show that the existing construction and envelope materials fail to meet the national standards of
Iran, but insulating the envelope was found to be a more cost-effective measure than modifying
the windows. The results also demonstrate that although the use of energy-saving solutions has
a significant impact on energy consumption, even the most economic solutions investigated will
have a payback period longer than one decade. Thus, with current energy prices the reviewed
energy conservation strategies are not economically justified in Iran from the consumer perspective,
as investment in the methods considered typical in other parts of the world will not show a return for
at least a half-century.

Keywords: energy audit; energy-efficient design; residential buildings; building refurbishment;
energy efficiency

1. Introduction

Carbon dioxide (CO,) emissions produced as a result of burning fossil fuels to provide energy for
buildings, significantly contribute to global warming and climate change [1-3]. Furthermore, the built
environment is also considered a major energy consumer, as approximately half of the world’s energy
use is associated with the building sector, predominantly in providing occupants with comfortable
environmental conditioning (through heating, cooling and mechanical ventilation) [4,5]. With ever
rising worldwide energy demand, management and conservation methods have risen in critical
importance. It is recognized that reducing energy consumption results in positive environmental and
economic returns and due to the economic aspects of energy usage patterns, many individuals and
businesses reduce their operating costs by minimizing energy usage [6].

The majority of green building codes and regulations focus on new buildings. The number of green
buildings increases 0.5-2% annually depending on their prevailing socioeconomic surroundings [7,8].
This low rate reveals that effective design of new buildings will not address the overall energy reduction
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challenge and CO; emissions will remain at an unacceptably high level. Therefore, refurbishment
and energy auditing for existing buildings are required to meet the targets for controlling greenhouse
emissions [9]. Energy auditing has a lower cost and is technically a more mature option than utilizing
advanced and costly means of providing renewable energy since it monitors and often controls energy
demand [10]. An energy cost saving of 5-15% is usually achieved quickly with little to no capital
investment or aggressive energy management [11].

Energy audits include energy conservation programs which encompass consumption patterns
and the identification of specific energy saving measures [12]. That is, an energy audit is a systematic
procedure to gain adequate knowledge of existing energy consumption profiles and detect operating
problems, improve occupant comfort, identify and quantify cost-effective energy savings opportunities,
and report the findings [13-15]. At the end of the energy audit, the correct strategy for improvement of
the energy use of the building is proposed and will factor-in the complexity of the building, as well as
the client’s requirements along with their budget and time constraints. The commitment to different
resources also needs to be considered with the ROI (Return on Investment) as the activities undertaken
in an audit are usually recuperated from the savings generated within an arbitrary period of time [16].
The main goal of these strategies is to identify and develop modifications to reduce energy consumption,
manage costs, and lower environmental impact [17].

Regarding the different levels of depth, three main (operational) levels of analysis have been
determined in most of the literature as typified in ASHRAE’s (American Association of Heating,
Refrigerating and Air Conditioning Engineers) guidelines for energy audit [18-21]:

e awalk-through audit, a simple on-site visit to the building during which areas can be identified
for simple and cost-effective actions, which can result in immediate operating-cost savings;

e anenergy survey and analysis, taken from field measurements and analysis of the operating costs,
which provides a detailed energy analysis for the energy systems of the building; and

e adetailed energy audit or simulation audit, which provides a detailed analysis of large capital
investment required to make modifications to current systems; at this level, the auditor evaluates
potential energy conservation opportunities (ECOs), such as adding double-pane windows,
adding insulation, insulated doors or window shading and changing to higher efficiency air
conditioners and water heaters [22], by means of energy modelling and simulation software to
investigate the ROI for different solutions.

All energy audit levels result in a list of energy conservation opportunities (ECOs) which can be
implemented according to the pre-determined objectives [16]. The above-mentioned levels have been
used by many researchers for auditing existing buildings, who found that the building’s performance
can be considerably improved [23-25]. Li [26] conducted research on the energy performance of 19
government offices in Hong Kong and derived an average Energy Use Index based on unit floor area
based on energy consumption data over the previous three years. After carrying out an energy audit
for the case studies, energy management opportunities were identified and operational practices to
improve energy performance were proposed. Igbal et al. [27] carried out research where several energy
conservation measures for office buildings were analyzed in the context of a hot and humid climate.
In this research, a reduction of 36% of annual energy usage was expected from implementing energy
management measures.

Escriva et al. [28] modeled the profile of the daily cooling load of a group of air-conditioning
systems in a university building. The model was used to analyze the control of energy usage in existing
and proposed buildings. Subsequently, a validation study was carried out for a single zone at the
university through measurements from an energy management and control system. Mills et al. [29]
investigated the operation of the system in more than 130 newly retrofitted large office buildings. It was
found that enhancing the operation efficiency saved 20% of energy with ROI time ranging from several
months to one to two years in most cases. Philip et al. [30] investigated energy use by mechanical
ventilation and air-conditioning (MVAC) systems in a typical commercial building. Energy auditing
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and further analysis provided a total of 20 energy-saving measures for possible use in local commercial
buildings, thus assisting engineers in designing energy-efficient commercial buildings or procreating
new concepts for MVAC systems improvement.

Ruiz et al. [31] addressed a multi-objective optimization model to minimize energy use in buildings
in a cost-effective way, while at the same time retaining comfort standards for the building occupants.
This optimization algorithm considers a set of retrofit actions including windows, roof insulation
material, external wall insulation material, and installation of a solar collector. Afterwards, the feasibility
of the proposed multi-objective model in a real-world situation was tested. Ehsan et al. [32] investigated
multiple refurbishment scenarios including upgrades for the roof, wall, and glazing thermal properties
on a residential building in Portugal. A MATLAB-based multi-objective optimization model was
used to evaluate various refurbishment configurations. This research demonstrated that a proper
choice of strategy can lead to substantial improvements in energy savings with moderate investment
in refurbishment costs. However, the results also showed that some inappropriate strategies which are
high-tech as well as high-cost, can be less financially effective. Zhu [33] utilized computer simulation
technology to assess different energy conservation alternatives and to provide facility managers
with reliable and feasible solutions, and showed remarkable energy savings as a result of using
suggested energy management measures. Ascione et al. [34] used EnergyPlus software to explore the
effect of implementing phase change materials (PCMs) in an existing building. It was found that in
Mediterranean climates through adding PCMs into the inner side of the exterior envelopes, the energy
demand reduced by augmenting PCM thicknesses.

At the present time in Iran, designers are motivated to utilize several energy-efficient techniques
in their designs, which include night ventilation [35-39], earth-to-air heat exchanger systems [40],
and double skin facades [41]. However, auditing is frequently undervalued in practice and limited
research has been conducted in connection with energy auditing of residential buildings. This study
attempts to provide an overview of the energy auditing potentials of residential buildings in the cold
climate region of Iran. For this purpose, the data related to a typical building in this cold climate
has been analyzed and used in EnergyPlus software (version 7.5, University of Illinois, Champaign,
IL, USA), and then after validation, three categories of low-cost, medium-cost and high-cost scenarios
have been shown to compare the initial investment and payback periods.

2. Building Specifications

2.1. Case Study

The studied building was a one-story residential unit typical of the cold climate of western
Iran [42]. The openings of this building were restricted to its northern and southern sides. The plan
and elevation of this building are illustrated in Figure 1. Constructed in 2001, this 124 m? residential
unit consisted of a 48 m? living room, two 14 m? and 16 m? bedrooms, a 13 m? kitchen, a 3.25 m?
restroom, a 4 m? bathroom, and a 4 m? storage room. The building housed a family of six. Natural
light was provided through windows (on the northern and southern faces) with a total glazed area
of 18 m?. Heat and hot water were provided by a central heating system with a maximum output of
29.8 kW and an efficiency of 75%. Cooling was performed by a water cooler with a nominal aeration
capacity of 4250 m3/h and an efficiency of 80%. All windows were single-glazed steel-framed with a
combined thermal conductivity of 5.8 W/m?K. Most of the lamps used in the building were low energy
types (20 W).
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Figure 1. Case study plan and elevation.

2.2. Location and Climate Specifications

The city of Nahavand is located in the cool climate of western Iran at 48°22" E and 34°11" N,
at an elevation of 1725 m above sea level. The 10-year mean climate data of this city is provided
in Table 1 [43]. Based on the K&ppen and Geiger climate classification this city is located in cold
climates [44]. In general, buildings in this city require heating from early November to middle April
and require cooling from early May to early November. This city has annual heating degree days
(HDD) and cooling degree days (CDD) of 2476.11 and 477, respectively, indicating the existence of
both heating and cooling loads; however, although the former load is about four times greater than
the latter.

Table 1. Average monthly weather data of Nahavand (1952-2010) [43].

x:::;le); January February March April May June July August September October November December
Teml(ﬁi,"é;‘mre 02 0.1 67 144 191 237 275 266 213 134 6.8 22
Minimum
temperature -17.8 -16.8 =52 24 44 80 13.0 10.2 74 1.0 -3.0 -9.2
QY]
Maximum
temperature 15.2 13.4 192 256 310 375 376 36.0 33.8 244 18.8 13.2
0
Relative
humidity (%) 71 67 47 42 31 26 24 25 27 49 70 78
HDD (18°C)  541.96 446.5 39352 188.0 678 257 0 0 6.06 116.5 290.61 438
CDD (25 °C) 0 0 0 0 1.2 456 1517 1383 14.3 0 0 0

2.3. Building Architecture

The reference heat transfer coefficient of the building was calculated based on the building
envelope specifications provided in Tables 2 and 3. The reference heat transfer coefficient (F) expressed
in (W/K) equals the maximum allowable steady-state heat transfer through the building envelope per
1 °C temperature difference between the indoor and outdoor air. The reference heat transfer coefficient
calculations must take account of heat transfer through the roof, walls, doors and windows, and the
floor in contact with either air or soil. These barriers may be adjacent to the outdoor space, uncontrolled
spaces, or soil. To determine the reference heat transfer coefficient of a building, it is necessary to
obtain the specifications of each component of the building envelope (which include the total net area
of the walls, roof, the floor adjacent to air, doors, windows, barriers adjacent to uncontrolled spaces,
and the floor adjacent to soil) according to the internal dimensions of the building. The reference heat
transfer coefficient of the building was calculated using the following equation [45]:

H = (AW x UW) + (AR x UR) + (AF x UF) + (P x UP) + (AG x UG) + (AD x UD) + (AWB x UWB) (1)
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Table 2. Dimensional specifications of the building envelope.
Buildine Element Position Total Window Door Net Area  Total Net
8 Area (m?) Area (m?) Area(m?) (m?) Area (m?)
Walls adjacent to Northern side 30 3.92 2.88 23.2 44.62
outdoors Southern side 30 7.04 1.54 21.42 )
Barrier adjacent to Eastern side 39 - - 39 74.85
controlled space Western side 35.85 - - 35.85 ’
Ad]acz;\t to the 50.84 B B 50.84
Floor outdoors 61.84
Adjacent to
11 - - 11
uncontrolled spaces
Barrier adjacent to Ceiling 124 _ _ 124 123
uncontrolled spaces
Outer roof Top face 157 - - 157 157
Table 3. Specifications of the building elements.
Characteristic/Component d (m) AW/mK) R @m2K/W) U (W/m?K) Detail
Northern wall 7
Indoor air 0.110 /)
Plastic paint 0.001 1.00 0.001 =
Earth-gypsum plaster 0.020 1.10 0.018 2.57 e
Solid bricks 0.220 0.200 /// 74
Outdoor air 0.06 v/
Total 0.241 0.389 -
Southern Wall v 4/ 77
Indoor air 0.110 D/ 1 ~
Plastic paint 0.001 1.00 0.001 7 = 7
Earth-gypsum plaster 0.020 1.10 0.018 3.59 = // £
Solid bricks 0.110 0.090 AN/
i
Outdoor air 0.060 ‘/ / / ,‘
Total 0.131 0.279 Lz 2]
Floor above the ground
level ‘
Indoor air 0.170 ZZ/Z//
Cement-sand mortar 0.050 1.15 0.043 179 ‘/’“ T R———
Steel beam and jack arch 0.290 ’ %//j /A%
Cement-sand mortar 0.020 1.15 0.017 /227 - ]
Outdoor air 0.050
Total 0.571
Roof
Indoor air 0.110
Plastic paint 0.001 1.00 0.001
Plaster fill 0.020 0.57 0.035
Inter-layer air 0.14 0.79
Glasswool insulation 0.050 0.06 0.909
Steel 0.03 72 0.0004
Outdoor air 0.06
Total 1.256

Currently, the walls and envelope of the studied building lack proper insulation and its windows
are single-glazed. Therefore, using Equation (1), the heat transfer coefficient of the building (H) with
thermal bridges included was calculated as being 410.94 W/K. This value exceeds the limit specified
in current Iranian building regulations (315.61 W/Km). Thus, the building envelope in its present
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condition would not comply with the standards specified in No. 19 of the Iranian National Building
Code [45].

3. Building Energy Consumption

There are two general approaches to energy analysis [46]. The first approach, which is known as
the forward approach, makes use of the physical specifications of the building (location, geometry,
material and construction details, type of heating, ventilation, and air-conditioning (HVAC) system,
and building use) to estimate its heating and cooling load. The second approach known as the inverse
approach (Figure 2), suggests that the available climate, efficiency, and energy use data can be used
to develop an energy analysis model capable of producing representative building parameters such
as the building load coefficient (BLC), the building base-load, or the building time constant. In the
majority of existing inverse models, the building representative parameters, or parameters such as
BLC and heating system efficiency (which represents a part of the system) are estimated by applying
regression analysis techniques such as the variable-base degree-day method [47], the connectionist
method [48], or the change-point method [49] on the measured data.

Enerev use - BLC “
Bujlding Weather - Blendead - Representative
petformanca = Inverse Model o building
data Schedules R Time constant __ parameters

Figure 2. Basic approach of a typical inverse energy analysis model [46].

In the linear regression, we assume that the linear relation between a dependent quantity and an
independent quantity can be expressed as [46]:

y=mXx-+<c¢ (2)

where y denotes the dependent variable, x denotes the independent variable, and m and ¢ denote the
slope and y-intercept of the regression line, respectively.

Assuming the monthly degree days as the independent variable and the monthly fuel consumption
as the dependent variable, the slope of their regression line will be the building load coefficient (BLC)
and the intercept will be the monthly base-fuel consumption. On this basis, the linear regression
between the HDD and the monthly natural gas bills can be used to separate the amount of gas burned
to heat the building from the amount used to produce hot water. For this purpose, the data provided
in Figure 3 obtained from the natural gas bills of 2015 to 2016, and Equation (2) was utilized to draw a
regression line (Figure 4).

According to this data:

y = 11.375x + 1120.6 3

According to Equation (3), the building base-load due to water heating was 1120.6 kWh per month.
Since the mean monthly natural gas consumption amounted to 3637.3 kWh, the monthly heating load
was 2616.7 kWh. It should be noted that the data in this diagram had a correlation coefficient of 0.95,
which was acceptable for 24 data points.
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Figure 3. Gas consumption based on heating degree days (HDD).
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Figure 4. Linear regression between the natural gas consumption and the heating degree days (HDD).

Total Electricity and Natural Gas Consumption

According to the electricity bills of 2015 to 2016, the building had a mean annual electricity
consumption of 2861 kWh, of which 416 kWh belonged to cooling and 2445 kWh was related to
household appliances and lighting. Table 4 shows that approximately 94% of energy usage in this
building is consumed was the form of natural gas, and of this amount, 69% and 31% were consumed
for heating and hot water respectively. Electrical energy constituted only 6% of energy used and of this

amount, 85% was consumed for household appliances and lighting, and 15% was used for cooling.
Notably, despite having a dominant share in total energy consumption, natural gas constituted only
64% of the annual energy bill. This apparent anomaly is due to the Iranian government subsidization
of natural gas in cold regions during cold months, making gas cheaper than electricity [50].

Table 4. Breakdown of the building energy consumption.

Fuel Type

Use Mean Annual Consumption Mean Annual Cost

(kWh/m?) (Rials)
Heating 243.55
Gas Hot water 108.45 2,354,685.50
Total 352
Cooling 3.35
Electricity Lighting and appliances 19.7 1,305,000

Total 23.07
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4. Model

EnergyPlus V.8.2 was utilized to simulate the building according to the conditions described in
Section 1. The infiltration value required for simulation was calculated using a gas detector. In this
method, the air ventilation in the building can be obtained by measuring the air changes per hour
(ACH), which in turn can be determined based on the time variations of dispersion of an indicator gas.
The concentration of the indicator gas at any given time is expressed as:

C(t) = Co-e™ACH 4)
Or _
_ V1S
ACH = Vo = 1 ln[c (t)] (5)

In the above equation, V is the volume of air infiltrating into the building in time t, Vbidg is the
volume of space into which gas is injected, C(t) is the concentration of the indicator gas in time t, Cy is
the concentration of the indicator gas in time tj, and t denotes the gas sampling time. In this study,
we used carbon dioxide as the indicator gas and used the EXTECH SD800 with a precision of 1 ppm to
measure the gas concentration in the air. After injecting the carbon dioxide into the building space,
recording the air change developments, and entering the data in Equation (5), the air infiltration in
winter was calculated as 0.67 ACH.

For validation, the heating load obtained for the year 2015 to 2016 using the regression model
was compared with the results obtained from the model in the EnergyPlus software (Figure 5).
This comparison showed about 3% mean difference between the building heating load and the
simulated results, which was acceptably low given that the climatic files used in the simulation were
the averages of a ten-year period.

30000

25000 A

20000

15000

(M)

10000

5000 A

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

— <= Bills (Mj)

Simulation (Mj)
Figure 5. Monthly energy consumption of the experimental and simulated model.

5. Energy Conservation Opportunities in the Envelope and Windows

There are several methods to optimize energy consumption in buildings. In the present article,
among the sum of available solutions, six strategies have been selected according to the following
approaches: (a) being related to the period after the operation of the building; (b) not affecting the
performance of the building; (c) having considerable energy efficiency, based on field studies and
primary estimations; (d) availability of technical and operational facilities. The first three strategies are
related to the optimization of windows, including utilizing low-emissivity coatings on glass surfaces
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to reduce solar radiation, and replacing building windows with differing optimal openings in terms of
heat transfer. However, the other three strategies are related to the insulation of the building exterior
walls. In this case, based on the measurements and energy consumption reductions, the priorities were
first to insulate the roof, then the ceiling and walls, and finally to insulate of all the exterior envelopes.

The total heat transfer coefficient (U) of different components of the building (Table 5) was
used to examine the prevalent energy conservation opportunities in the windows and the opaque
building envelope, and their associated costs (Table 6). As shown in Table 6, the use of low-emissivity
coating with a thermal conductivity coefficient, visible light emission coefficient, and solar reflection
coefficients of 5.6 w/mZ2c, 56%, 58% respectively, caused only a 3.6% reduction in energy consumption,
and exhibited the lowest impact among all solutions. It should, however, be noted that although this
method costs about one-quarter of double-glazed windows, its energy conservation impact was just
over half of the impact of that solution. The use of relatively expensive triple-glazed windows was
shown to reduce consumption by about 9%. It is worth mentioning that a reduction in asymmetric
discomfort afforded by Insulated Glazing Units (IGUs) would likely reduce energy consumption
further than the model suggests. Despite its high cost, applying polystyrene insulation is a far more
effective approach than the modification of windows. For example, applying a 5 cm insulation over
the roof can result in a 22.9% reduction of the building’s annual energy consumption. The application
of roof insulation will cost approximately the same as applying a 7 cm insulation over the northern
walls and the floor above the ground level and a 10 cm insulation over the northern and southern
walls, but it is about 5% more effective. The high effectiveness of roof insulation can be attributed to
the upward convection (climbing) of the hot air, which makes the roof a more important intermediary
for energy loss than the vertical surfaces (walls). Furthermore, the metal roof construction on this
particular building was not the most energy efficient form of construction. Insulating both the roof
and the walls or floor would cost less than using triple-glazed windows, but was respectively 14%
and 8.9% more effective. Insulating the entire envelope would reduce the overall energy consumption
by 33%. By applying insulation to the entire envelope, the reference heat transfer coefficient of the
building (see Equation (1)) decreased to 241.15 W/k, resulting in compliance with No. 19 of the Iranian
National Building Code.

Table 5. Specifications of the building elements after auditing.

Characteristic/Component d (m) A (W/mK) R m?K/W) U (W/m?K) Detail
Northern wall |
Indoor air 0.110 f// ,/
Plastic paint 0.001 1.00 0.001 =
Earth-gypsum plaster 0.020 1.10 0.018 047
Thermal insulation 0.070 0.040 1.750 '
Solid bricks 0.220 0.200
Outdoor air 0.06
Total 0.241 0.389
Southern wall i y
Indoor air 0.110 ‘ L2 ///L
Plastic paint 0.001 1.00 0.001 |y
Earth-gypsum plaster 0.020 1.10 0.018 0.36 5 //, .
Thermal insulation 0.010 0.04 2.5 ’ g2/
Solid bricks 0.110 0.09 8777/
Outdoor air 0.06 ‘ B %

Total 0.131 0.279
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Table 5. Cont.

Characteristic/Component d (m) A (W/mK) R m?K/W) U (W/m?K) Detail
Floor above the ground
level ‘
Indoor air 0.17 7227272227070,
Cement-sand mortar 0.05 1.15 0.043 e S
Steel beam and jack arch 0.29 0.55 77/7 T r‘/
Thermal insulation 1.25 0.04 0.05 / % / -/
Cement-sand mortar 0.02 1.15 0.017 S G
Outdoor air 0.05
Total 0.571
Roof
Indoor air 0.11
Plastic paint 0.001 1.00 0.001
Plaster fill 0.02 0.57 0.035
Glasswool insulation 0.05 0.06 0.909
. 0.46
Inter-layer air 0.14
Glasswool insulation 0.05 0.06 0.909
Steel 0.03 72 0.0004
Outdoor air 0.06
Total 1.256

Table 6. Energy conservation scenarios in the envelope and windows.

Baseline Low Emissivity Double-Glazed Trlp!e-Glazed ROOf. Walls + Floor Walls + Floo.r +
™)) Coatings (MJ) Windows (MJ) Windows Insulation Insulation (MJ) Roof Insulation
M) M) (W)
January 22,777 21,839 21,198 20,653 18,206 19,212 16,145
February 18,172 17,482 16,979 16,529 14,399 15,248 12,714
March 13,691 13,191 12,865 12,510 10,687 11,354 9325
April 8849 8525 8358 8118 6769 7217 5807
May 5404 5210 5129 4965 3964 4269 3299
June 2717 2615 2584 2481 1807 2008 1422
July 1075 1015 1002 947 606 725 441
August 1385 1314 1299 1230 789 936 562
September 4116 4015 3943 3786 2811 3108 2253
October 8090 7836 7631 7383 6041 6492 5104
November 12,690 12,231 11,884 11,543 9868 10,492 8583
December 18,282 17,618 17,088 16,619 14,396 15,267 12,652
Total 117,247 112,892 109,959 106,764 90,344 96,329 78,306
Energy savings 3.7 6.22 8.9 229 17.8 33
percentage
Cost (IRR) 5,480,000 21,920,000 36,168,000 28,662,000 28,500,000 57,162,000

6. Energy Optimization Scenarios

In calculating gas consumption, four factors are taken into consideration: (a) the climate zone
where a building is located; (b) the consumption season, divided into two warm and cold seasons;
(c) the building functionality; (d) the consumption rate, which increases based on the block tariff [51].
Given the complexity of existing relationships and different assumptions for calculating the final price,
in the present paper, the price per cubic meter of gas was calculated by dividing the bill amounts
by consumption (in cubic meters) for the selected sample. In countries such as Iran, subsidies are
granted to the energy sector based on the government’s energy policy. However, the efforts of
different governments over time have been to gradually reduce subsidies and allocate them directly
to impoverished people, but experience has shown that the consequent rise in energy carrier prices
has created a severe inflationary impact on the country’s economy, and the cost of transportation and
the price of other commodities have also been heavily influenced. Therefore, realization of increased
energy carrier rates is always carried out with extreme caution and low haste. For example, based
on gas bills in April 2019, the price per cubic meter of gas for the building was set at 1597 Rials



Designs 2019, 3, 42 11 of 16

(approximately $0.012), while the global price of gas at the Henry Hub market was $0.092 per cubic
meter [52]. It is important to note that the price of the Henry Hub market is the industry base price,
and in many advanced countries, further costs are added to this price. For example, for this month,
the average gas price for home use in the US was $0.31 [53].

In light of the discussion outlined above, the initial costs required for each of the solutions of
the previous section have been calculated. By using six of the previous solutions in this section,
the computations of energy saving solutions in the three categories of low-cost, medium-cost and
high-cost scenarios will be shown in order to compare the initial investment and payback periods.
The results are summarized in Table 7. In the first and second columns of this table, each of the
three scenarios and related strategies is presented. In the third to fifth columns, the annual energy
consumption of the building, if utilized by this scenario, is expressed in terms of savings and percentages.

The sixth column shows annual building energy reductions. As discussed earlier, considering the
complexity of the gas price calculation, such as price variations for different seasons and the increasing
block tariff, in order to calculate the effect of differing scenarios on the final cost first, the results of
monthly cuts in accordance with the gas bills were extracted, and then the effect of the decreases in
energy consumption in each period was calculated separately; finally it’s the total sum was calculated
for one year. Lastly, in the final column, the return period for each scenario is shown. Simple payback
time method has been used to calculate the return period, which is the amount of initial capital
investment divided by the annual profits (here the amount of bills is reduced).

As illustrated in Table 7, in Scenario 1, approximately 7 million Rials investment in the low-cost
solution consisting of roof insulation, draught proofing, and low-emissivity coatings on windows,
will reduce the building energy consumption by about 21%. Based on the energy prices of 2017 [54],
such investment will have a payback period of about 11 years. Scenario 2 includes roof insulation
as well as other medium-cost solutions such as insulation of outer walls and the floor above the
ground level and the use of double-glazed windows, would mean a 43% reduction in building energy
consumption, which is equivalent to an annual cost saving of about 1,361,500 Rials. The payback
period of such investments is more than 40 years. Scenario 3 is similar to the previous scenario
except that double-glazed windows are replaced with triple-glazed windows (with lower heat transfer
coefficients), and that 75% of hot water is supplied by two solar water heaters (Optima, Polar Co. [55])
with an area of 4 m? and efficiency of 40%. Since Nahavand has a solar irradiance of about 5 kWh/m?
per day and this setup will save about 2920 kWh of energy, which is equivalent to 282 m? of natural
gas. Thus, the total energy conservation of Scenario 3 will be 63,366 M], which is equivalent to 54%
of the building’s total heating load. The downside of this investment scenario is its 55-year payback
period, which given the 50-year average life of buildings, makes this solution impractical. In general,
with the current prices of energy and building materials, even the low-cost solution will have a 10-year
payback period; thus, the solutions proving higher energy efficiencies are not economically justified,
at least not in the present time.



Designs 2019, 3, 42

Table 7. Energy consumption at present and in each optimization scenario.

12 of 16

. . Total Ener‘gy Energy‘Savmg Energy Saving Initial Annual Payback
Scenario Solution Consumption Relative to Percentage Investment Saving (Rials)  Period (Year)
M)) Baseline (M)) 8 (Rials) 8
Low-cost Use of low-emissivity glass
ow-cos Use of draught proofing 92,777 24,471 20.8 7,063,400 656,050 107
scenario
Insulation of the roof
Insulation of the roof
Insulation of the outer walls
Medium-cost Insulation of the floor above 66,464 50,784 33 5,501,540 1,361,500 40
scenario the ground level
Use of
double-glazed windows
Insulation of the roof
Insulation of the outer walls
Insulation of the floor above
High-cost the ground level 53,881 63,366 54 9,466,430 1,699,150 57.6
scenario Use of UPVC

triple-glazed windows
Use of solar water heaters
for supplying hot water
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7. Conclusions

In this study, an energy audit was conducted on a residential building typical to the cold regions
of Iran. The analysis of this building showed that the specifications and materials of the building
envelope failed to meet the national standards of Iran. An examination of the building’s energy bills
revealed that natural gas consumption is responsible for 94% of the total energy used in this building,
and of this amount, approximately 70% is being used for heating. Electricity accounts for only 6% of
the total energy due to measures such as the utilization of energy-saving light bulbs and relatively
low cooling loads (because of the cold climate). However, due to the high subsidization of natural
gas in Iran’s cold regions and relatively higher price of electricity, about 36% of the total energy bill
is related to electricity. This investigation into improving energy efficiency of the building envelope
showed that insulating the opaque elements is more cost-effective and results in greater energy saving
than modifying the windows. For example, insulating the roof, walls and floor was found to be
three times more effective than using double-glazed windows, without any significant cost difference.
The most cost-effective solution was found to be the insulation of the roof, which alone reduces energy
consumption by about 30%. In contrast, the best window optimization solution, that is, the use of
triple-glazed windows, results in about 9% energy conservation but costs 20% more than insulating
the roof. The low cost, medium-cost, and high-cost optimizations scenarios considered were found to
decrease the annual energy consumption by respectively 20.8%, 43.3%, and 54%, but had respective
payback periods of 10.7, 40, and 57.6 years. These long payback periods indicate that with the current
prices of energy and materials, the use of reviewed energy conservation strategies and technologies
such as solar panels are not economically justified from the Iranian consumer perspective.
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Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

H The reference heat transfer coefficient of the building (w/k)

Aw  The total area of the walls adjacent to the outdoor space (m?)

Uw  The reference surface heat transfer coefficient of the walls (W/m2K)

AR The total area of the flat or sloped roofs adjacent to the outdoor space (m?)

Ur The reference surface heat transfer coefficient of the flat or sloped roofs (W/m?K)

Ap The total area of the floor in contact with the outside air (m?)

Ur The reference surface heat transfer coefficient of the floor in contact with the outdoor air (W/m?K)
P The total perimeter of the floor in contact with soil, adjacent to the outdoor space (m)

Up The reference linear heat transfer coefficient of the floor in contact with soil (W/m2K)

Ag  The total area of the windows opening to the outdoor space (m?)

Ug The reference surface heat transfer coefficient of the windows and their frames (W/m2K)

Ap  The total area of the doors opening to the outdoor space (m?)

Up The reference surface heat transfer coefficient of the doors (W/m2K)

Awp The total area of the barriers in contact with uncontrolled spaces (m?)

Uwp  The reference surface heat transfer coefficient of the barriers in contact with uncontrolled spaces (W/m2K)
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