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Abstract: This study aims at introducing a modeling and simulation approach for a green roof system
which can reduce energy cost of a building exposed to high temperatures throughout the summer
season. First, to understand thermal impact of a green roof system on a building surface, a field-based
study has been conducted in Commerce, Texas, U.S., where the average maximum temperature in
summer is 104 °F (40 °C). Two types of analyses were conducted: (1) comparison of temperature
between different plant type via Analysis of variance (ANOVA) and (2) polynomial regression
analysis to develop thermal impact estimation model based on air temperature and presence of
a green roof. In addition, an agent-based simulation (ABS) model was developed via AnyLogic®
University 8.6.0 simulation software, Chicago, IL, U.S., in order to accurately estimate energy cost and
benefits of a building with a photovoltaic-green roof system. The proposed approach was applied to
estimate energy reduction cost of the Keith D. McFarland Science Building at Texas A&M University,
Commerce, Texas (33.2410° N, 95.9104° W). As a result, the proposed approach was able to save
$740,325.44 in energy cost of a heating, ventilation, and air conditioning (HAVC) system in the subject
building. The proposed approach will contribute to the implementation of a sustainable building
and urban agriculture.

Keywords: green roof; photovoltaic; simulation; urban agriculture; sustainability; condensate water

1. Introduction

As environmental sustainability becomes a critical issue to improve quality of our lives,
development of green buildings in urban areas has been receiving nationwide attention.
The green building refers to not only an energy-efficient building but also a vegetated
building. One of the examples of the vegetated building is a green roof which contains live
plants atop the roof membrane of buildings. Because the green roof provides protection
against excessive solar radiation [1-3], it eventually improves the thermal efficiency and
energy efficiency of a building [1-4].

In addition to the thermal efficiency, hydrological performance of a green roof was
proved under a tropical area in Singapore [5]. In the study, evapotranspiration (ET) was
modeled via the artificial neural network (ANN) consisting of multi-layer perceptron
regressors. Chagolla-Aranda et al. [6] analyzed the thermal impact of a green roof with five
plants (i.e., Sedum adolphii, Echeveria prolifica, Aeonium subplanum, Crassula ovata y,
and Sedum Makinoi) in Mexico. Particularly, the study found that electricity consumption
of a green roof cell could be lower than that of a conventional roof cell in semi-warm
climate. On the other hand, Schade et al. [7] investigated the thermal performance of
a green roof on a building in Sweden. In the study, the green roof acted as building
insulation materials in a sub-arctic climate. Moreover, since plants are grown in soil, the
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green roof is also known as a new option to mitigate stormwater/rainwater runoff in
a city [8,9].

The green roof (or a vegetation roof) can be classified as intensive, semi-intensive, or
extensive based on the planting medium depth. An intensive green roof requires a planting
medium of at least 1 foot to 3 feet in depth and can accommodate the growth of trees and
shrubs while an extensive green medium is thinner and accommodates shallow root plants
such as grasses and sedums [10]. The intensive green roof can effectively protect a building
surface from direct sunshine, but it also requires thoughtful inspection of structural safety
of a building because weight of soils cannot be negligible [11,12]. Therefore, the extensive
green medium less than 6 inches has been widely adopted in practice [13].

Although the extensive green medium may result in cooling down a building surface
due to its ability to block direct solar radiation through medium and plants, its exact
impact on a building surface temperature can vary under different locations and vegetation
levels [14]. For example, He et al. [15] showed the thermal performance of the green
roof in tropical area, but Schade et al. [7] analyzed the thermal performance in a sub-
arctic climate. It is possible that the extensive green medium is ineffective on energy
consumption reduction of a building from chronic exposure to high temperature. Thus,
additional studies under various high temperature conditions are needed for development
of a generic evaluation and estimation model of a green roof which still requires expensive
investment cost [16].

In this study, a field study was conducted to evaluate the thermal impact of a green
roof system on a building surface at the Keith D. McFarland Science Building at Texas A&M
University, Commerce, TX, USA (33.2410° N, 95.9104° W) where the average maximum
temperature in Summer is 104 °F (40 °C) [17]. Then, based on the collected field data and
literatures, an agent-based simulation (ABS) model for estimating energy cost of a build-
ing with a green roof system was developed via AnyLogic® University 8.6.0 simulation
software, Chicago, IL, USA. Although Avila-Hernandez et al. [18] developed a thermal
simulation model via EnergyPlus® software 9.5.0, Golden, CO, USA for eight cities in Mex-
ico, it was limited to thermal performance estimation under specified building materials.
Because this study focuses more on a green-roof design, operation, and its cost, the ABS
model is devised. AnyLogic® is a well-known multimethod simulation platform so that it is
reliable and flexible to develop a generalized estimation model of a green roof in future [19].
To be more specific, the green roof model can be extended with existing smart grid models
for cleaner city design or Agrophotovoltaic systems which have photovoltaic (PV) solar
panels over green roof grids in an urbanized farming environment [20-22]. The proposed
simulation consists of multiple estimation models such as surface temperature model,
energy consumption model, and water usage model. Particularly, the water usage model
includes tap water source and condensate water source given by heating, ventilation, and
air conditioning (HVAC). The proposed approach is applied to estimate energy reduction
cost of the Keith D. McFarland Science Building in order to demonstrate its performance
in terms of energy cost reduction of a building. As a result, the proposed approach will
contribute to implementation of a sustainable building and urban agriculture.

The rest of the paper is organized as follows. Section 2 reviews the existing studies on
a green roof system. The detail information and results about the field study on a green
roof system at the Keith D. McFarland Science Building at the Texas A&M University-
Commerce, Commerce, TX are addressed in Section 3. Section 4 introduces the proposed
ABS modeling approach and its results. Section 5 concludes the study and findings.

2. Green Roof System

As air pollution becomes a significance problem to continue life in an urban area, urban
agriculture (UA) has received worldwide attention. In 2018, 4.2 billion people (i.e., 55%
of the world’s population) are living in urban areas [23], which causes multiple problems
involving air and water pollution, urban heat island (UHI), high energy consumption, and
shortage of resources (e.g., water). Moreover, the urbanization with high density areas
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accelerates speed of the spread of infectious disease such as COVID-19 due to its high
density of population [24]. Of course, it also generates greenhouse gas (GHG) involving
carbon dioxide (CO;), methane (CHy), nitrous oxide (N,O), and trioxygen (O3) [25]. In
2050, 68% of the world’s population will live in urban areas [23]. This implies that all the
problems associated with the urbanization will become more serious in future.

UA is referred to the production and distribution of food at an urban area (or
a city) [26]. Particularly, most studies on UA focus on cultivating plants at an urban
area because it can potentially contribute to the reduction of GHG emission [25]. UHI prob-
lem can be mitigated, as green space in the urban areas increases [27]. The most popular
way to implement UA in high-density urban cities is utilization of a green roof [28]. This is
because it can enhance the community functions (e.g., community participation, education,
and aesthetic value) in addition to mitigation of the environmental problems [27]. More-
over, installation cost of a green roof system is relatively easy and inexpensive compared to
a new building construction project [29]. As mentioned in Section 1, there are three types
of a green roof based on the planting medium depth: (1) intensive (from 30.48 cm (one foot)
to 91.44 cm (three feet)), (2) semi-intensive (from 15.24 cm to 30.48 cm), and (3) extensive
(under 15.24 cm or 6 inches). An intensive green roof is used to cultivate large plants
such as trees and shrubs, and an extensive green roof is devised to accommodate shallow
root plats such as grasses and sedums [10]. The most popular type of a green roof is an
extensive green roof because of its inexpensive investment cost and maintenance cost [30].
According to HomeAdvisor [31], cost of an extensive green roof system per square meter
is approximately from $107.64/m? to $215.28/m?; and cost of an intensive green roof
system per square meter is from $215.28/m? to $430.56/m?. Annual maintenance cost (e.g.,
fertilizer, soil, and plant replacement and water bill) of a green roof is from $8.07 /m? to
$16.15/m?2. The maintenance cost can be reduced if the green roof only requires storm
water or cultivates low-maintenance plants.

However, the use of storm water under desert climate or areas with strong solar
radiation such as Texas, U.S., is impossible to maintain a green roof system because
storm water can easily evaporate. For example, the average net-evaporation rate of East
Texas in U.S., is approximately 104.14 cm/year even though rainfall ranges from between
66.04 cm/year and 101.60 cm/year [32]. Particularly, 49.51% of annual evaporation hap-
pens from June to September so that it is challenging to cultivate plants on the extensive
green roof. The popular solution of this problem is to utilize water tank as a storage of
stormwater [33]. In 2020, prices of a polyethylene water tank and steel water tank are
$0.40/L and $0.08/L, respectively [34]. Since the steel water tank only supports for large
capacity (greater than 25,000 L), its unit price is smaller than polyethylene water tank. In
fact, the water tank is an essential component of a green roof system to prevent shortage of
irrigation water. However, due to the space limit and weight regulation of a roof, its size
must be restricted. This implies that other water sources have to be considered in addition
to stormwater to keep plants alive, particularly in areas with a high evaporation rate.

In a building, there is another popular water source called condensate water given by
heating, ventilation, and air conditioning (HVAC). Similar to the stormwater, condensate
water is clean, energy-efficient and cost-effective [35]. According to Guz [36], a downtown
mall in San Antonio could generate 39.4 L/h, and a central library system could produce
216 L/h. Moreover, a building generally generates 36 L/h. Similarly, the study conducted
at Texas A&M University at Qatar showed that 683.93 L/h of condensate water can be
generated from one building with 32,500 m? [37]. Although this amount may be insufficient
to maintain the green roof, it can be used with other water sources such as stormwater, tap
water, and grey water [17].

Another critical component is an irrigation system to manage the water supply to
a green roof [38]. The irrigation system used for an extensive green roof consists of a
reservoir (or a water tank), irrigation pipe, and water supply pump [39]. If the system
tends to reuse the water, additional drainage pump and water collecting pipe is required.
The most popular pumps in an irrigation system are a horizontal centrifugal pump due to
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its low price and maintenance cost [40]. However, if we consistently operate the centrifugal
pump which is driven by a fully loaded 100 kW motor, it requires 111.07 kWh per hour
and costs $11.07/h when average electricity costs 10 cents per kWh and a 90% motor
efficiency [40].

The green roof system requires multiple components, and its implementation cost can
vary [16]. Although the extensive green roof is popular due to relatively low investment cost
as mentioned in Section 1, its impact on a building surface temperature is still questionable.
Thus, we are going to conduct a field study to understand thermal impact of a green roof
system on a building surface (see Section 3.1 for more detail). Moreover, to accurately
estimate impact of the green roof on energy cost reduction of a building in summer, this
study is going to develop a simulation model via ABS (see Section 4). Unlike the existing
studies on a green roof, the simulation model will help an engineer evaluate multiple
alternatives under various conditions.

3. Simulation-Based Management of a Green Roof System
3.1. Data Collection

In order to understand the impact of a green roof on building surface temperature,
we collected temperature data from three different locations: (1) the roof temperature
close to the green roof grids, (2) the plant surface temperature on the green roof grids,
and (3) the temperature beneath the surface of the green roof grids. The data collection
was performed every forty-eight hours from 30 May 2017 to 6 October 2017. The subject
extensive open roof was installed on the roof of the Keith D. McFarland Science Building at
Texas A&M University, Commerce, Texas (33.2410° N, 95.9104° W) consisting of 2-squre feet
(0.18581 m?) as interlocked grids of soil media. Commerce has 44 inches of rainfall in
a year, which is slightly higher than an average rainfall of 39 inches in the United States.
Particularly, a total precipitation of 3.15 inches in July, and the average temperature of
summer is 102.9 °F (39.39 °C). Tap water was used to maintain the green roof, and the
watering interval time is between 12 and 48 h according to daily heat index in East Texas.
This study utilizes the data set collected in [17].

Figure 1 shows 86 interlocked pad grids with a soil mixture involving sand, com-
post, expanded shale and peat. Four plant types named New Gold Lantana (Lantana
x hybrida ‘New Gold"), Purple Trailing Lantana (Lantana montevidensis), Hardy Ice Plant (De-
losperma cooperi), and White Trailing Lantana (Lantana montevidensis “White”) were planted
on extensive green medium with 4 inches (10.16 cm) in depth. They were planted on the
10 May 2017 (see Figure 2).

Figure 1. Extensive green roof system: (a) system overview; (b) individual grid.
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Figure 2. Four species considered in this study: (a) New Gold Lantana; (b) Purple Trailing Lantana;
(c) Hardy Ice Plant; (d) White Trailing Lantana.

3.2. Results

In the experiment, we tested whether the temperatures under the grids with four
species are different or not. Table 1 represents results of two-way ANOVA to test the
following null hypotheses:

e  The temperatures under the grids planted with New Gold Lantana, Purple Trailing
Lantana, Hardy Ice Plant, and White Trailing Lantana are all equal (species effect);

o  The temperatures of the roof surface, grid surface, and underneath the grid are equal
(surface type effect);

e No interaction between species and surface types.

Table 1. Comparison of temperatures between four species.

Source of Variation Sum of Squares  Degrees of Freedom  Mean Squares F! p-Value F Crit 2
Between species 1.55 x 100 3.00 x 10° 516 x 1071 9.07x 1073 999 x 1071 2.62 x 10°
Between surface types 3.59 x 10* 2.00 x 10° 1.80 x 10* 3.16 x 102 530 x 10780 3.02 x 10°
Interaction 1.79 x 100 6.00 x 100 299 x 1071 525x 1073 1.00 x 10°  2.12 x 10°
Error 253 x 10* 4.44 x 102 5.69 x 10!

Total 6.12 x 10* 4.55 x 102

! The statistic is given by an F-distribution under the null hypothesis; ? the critical Type-1 error at o = 0.05.

R? of the test was 0.5871. Because the R? is close to 60%, we use the results to
understand the impact of the subject green roof. Average temperatures under New
Gold Lantana, Purple Trailing Lantana, Hardy Ice Plant, and White Trailing Lantana are
36.44 °C (5td.: 5.82 °C), 36.10 °C (Std.: 5.58 °C), 36.18 °C (Std.: 5.88 °C), and 36.10 °C (Std.:
5.40 °C), respectively. Since the p-value is greater than a significance level of « = 0.05, we
can conclude that there is no difference in temperatures between four species. It implies
that any plant type among the four species can be planted on the green roof in future.
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In the second hypothesis test, we compare the temperature differences between the
grid surface, roof surface, and underneath the grid. In Table 1, the p-value is less than
a significance level of a = 0.05 so that there is significant difference between the three
locations. Average temperatures of the grid surface, roof surface, and underneath the grid
are 44.59 °C (Std.: 7.27 °C), 57.77 °C (Std.: 9.18 °C), and 36.21 °C (Std.: 5.59 °C), respectively.
In addition, there is no interaction between species and surface types because the p-value
is greater than a significance level of « = 0.05.

The temperature difference between grid surface and roof surface is 13.17 °C. Ac-
cording to Schindler et al. [41], building surface made of cement concrete absorbs solar
radiation so that its temperature is higher than air temperature. In the experiment, average
temperature was 33.76 °C. Although the grid also absorbs the solar radiation, shade made
by plants can reduce the amount of solar radiation. Moreover, the temperature under the
grid is only 36.21 °C which is 21.56 °C less than the roof surface temperature. In other
words, about 37.32% of the roof surface temperature can be reduced by the green roof.

4. Simulation-Based Management of a Green Roof System

As mentioned in Section 2, a green roof is one of the most important ways to make
an area environmentally friendly. The goal of this study is to develop a simulation model
for the management of a green roof system. Figure 3 represents a conceptual model of the
proposed green roof system involving two water sources such as HVAC condensate water
and tap water. In addition, the electricity is supplied by photovoltaic (PV) solar panels to
run an irrigation system. In fact, this approach has been adopted in the agro-photovoltaic
(APV) system, which utilizes solar energy for crop production [42]. The role of sensors is
to collect real-time temperature and electricity consumption data of a building. As a result,
the green roof system is expected to reduce GHG emission and energy use of a building,.

Keith D. McFarland Science Building Green Roof System

Solar radiation

PV solar panel system

l Electricity

Irrigation system

Water tank & pipe

Green roof

Solar radiation & stormwater

GHG reduction
& building
Water insulation

Climate

Solar radiation

Condensate HVAC

water

Energy use/temperature

Temperature

Building

Sensors

o

Power meter Thermometer

Heating, ventilation, and air conditioning

Figure 3. Proposed sustainable green roof system.

In this study, in order to develop the simulation model, the field experiment data
mentioned in Section 2 is utilized. Figure 4 reveals an overview of the simulation model of
the proposed green roof system. The simulation is developed via AnyLogic® University
8.6.0 simulation software, Chicago, IL, USA. The model has three agents such as solar panel
agent, irrigation system agent, and HVAC system agent. These agents have two states in
their state charts to mimic the behavior of each system. To be more specific, if there is no
need of water, Irrigation system agent is in the idle state. Otherwise, the system is in busy
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state to water the plants. Similarly, solar panel agent is only in busy state when the solar
radiation is available. HVAC system agent consumes electricity when it needs to main-
tain the indoor temperate in building. While the simulation run, performance measures
(e.g., energy consumption, water use, surface temperature, etc.) are computed via numeri-
cal models shown in the following sections in detail.

O [T;%mperatureHigh ; <1avent 40
(@) JemperatureSurface ( fsurfactT 30
O gnergyUseHVAC @ fEnergyHVAC 20
O WaterHVAC 0
2,322,535.8 € energy 10
PVEnergy root.energy @ 0 2 4 6 8 10 12
828.119 0 |rr|g%atlonSystem
vAirTemperature root.irrigationSystem . Air Temperature
14.44 HVAC @)
vSurfaceTemperature root. HVAC
17.117 40
Solar panel Irrigation system HVAC system 30
Tsm«mﬂ Tsm«%an Tsmecna«
idle dle 20
10
0 2 4 6 8 10 12
Cias J Qesated @ surface Temperature

Figure 4. Overview of the proposed simulation model.

4.1. Surface Temperature Estimation Model

Based on the experiment addressed in Section 3.1, a surface temperature estimation
model under green roof is developed via regression model.

Tourface = 24.5979 + 0.9826T,;, — 21.67x; 1)

where Ty fqce is the surface temperature; T,;, is the atmosphere temperature (or air tem-
perature) in Celsius; and x; is presence of a green roof (1: green roof and 0: non-green
roof). p-values of five coefficients in the model are 0.0210, 0.0020, and 0.0000, respectively.
Thus, we can conclude that these three coefficients are significant at « = 0.05. R? of the
polynomial regression model is 0.7194 so that it can capture 71.94% of variability within
the observed data set.

4.2. Energy Consumption Model of a Building

Table 2 represents energy consumption data of the Keith D. McFarland Science Build-
ing at the Texas A&M University-Commerce, Commerce, TX. Size of the subject build-
ing is 10,169.45 m?, and its annual energy consumption (i.e., measured consumption) is
2,917,799.83 kWh. In other words, annual energy cost is approximately $291,779.98 when
the unit price is $0.1 per kWh. Monthly energy consumption is 243,149.99 kWh in av-
erage. The minimum energy use (i.e., 197,482.49 kWh) in April is due to the minimum
use of HVAC so that we use it as a reference point to estimate the variable electricity use
associated with HVAC. To be more specific, the energy use of 197,482.49 kWh is mainly
used to maintain the subject building under 25 °C (i.e., reference indoor temperature), and
additional energy use of 59,661.93 kWh in August is required to cool down the building
to 25 °C from air temperature of 36.67 °C. Average energy use per meter of the subject
building is 263.92 kWh/m?.
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Table 2. Energy consumption data of the subject building in Texas.
Month ~ “Mer8Y g(‘;‘;;‘)‘mpti” Energy Cost () ~ HVAC (KWh) Ai;{;‘;ffgﬂ‘“e S“rfﬁfgfle:?gfﬁat“re
Jan. 338,347.93 33,834.79 140,865.43 14.44 38.79
Feb. 248,121.81 24,812.18 50,639.32 16.67 40.97
Mar. 236,843.55 23,684.35 39,361.06 20.56 44.80
Apr. 197,482.49 19,748.25 0.00 25.00 49.16
May 200,753.10 20,075.31 3270.61 29.44 53.53
Jun. 225,565.28 22,556.53 28,082.79 33.33 57.35
Jul. 248,121.81 24,812.18 50,639.32 35.56 59.53
Aug. 257,144.42 25,714.44 59,661.93 36.67 60.63
Sep. 250,377.47 25,037.75 52,894.97 32.78 56.81
Oct. 230,076.59 23,007.66 32,594.10 26.67 50.80
Novw. 214,287.02 21,428.70 16,804.53 20.56 44.80
Dec. 270,678.34 27,067.83 73,195.85 15.00 39.34

! The highest air temperature; 2 the highest surface temperature under the green roof.

Based on the energy consumption data shown in Table 2, Equation (2) is developed
via polynomial regression proposed by [43] for the estimation of energy consumption of
the subject building.

EHVAC = 6225.9 — 1133-4(Tuir - Treference) + 1052'6(Tair - Treference)2 (2)

where T, is air temperature, and Tieference iS reference indoor temperature. R? of
Equation (2) is 0.8284 so that it can accurately estimate the energy load of HVAC. Figure 5
reveals non-linear relationship between energy consumption and temperature difference.
The temperature difference refers to difference between outdoor temperature and reference
indoor temperature of 25 °C.

160.00
o 140.00
120.00
100.00
80.00
60.00
o " e 4000
;”"“"---.20'00 *

= B S—— e
M11-109-8-76-5-4-3-2-1 0123 456789
Temperature difference (°C)

1ergy consumption (1000KWh)

Figure 5. Energy consumption of HVAC under various temperature.

4.3. Irrigation System Model of a Building

The proposed irrigation system utilizes two different water types such as HVAC
condensate water and tap water. Utilization of the HVAC condensate to water plant has
been considered as one of the best irrigation approaches because the condensate water is
clean, energy-efficient, and cost-effective [35]. As mentioned in Section 2, Guz [36] showed
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that the production rate of condensate water at a building is approximately 0.0244 LMH
(Liters per square Meter per Hour) in Texas. Thus, the condensate water quantity can be
estimated via Equation (3).

Whvac = 0.0244x; (©)]

where Wiyac is production rate of HVAC condensate water (L/h) and x; is size of build-
ing. Regarding the area of the subject building is 10,169.45 m?, production rate of the
generated condensate water is approximately 248 L/h. Since each extensive green roof
grid (i.e., 0.61 m x 0.61 m x 0.11 m) requires 12.28 L/day in summer (30% of the grid
volume), the condensate water of 5955.22 L /day can supply about 485 green roof grids
(i.e., 1343 m x 13.43 cm x 0.11 m). Although this number of grids can only cover 7.3% of
a roof with 2471.87 m?, it can be used with the stormwater. Monthly precipitation of the
subject area is between 0.0478 m and 0.1402 m, and its average is 0.0948 m. In other words,
daily precipitation is 0.0032 m in average. This amount (7909.98 L/day) is 9.70% of the
required water amount (81,576.36 L/day) of the subject extensive green roof. 83% of the
required water amount should be filled by tap water. Regarding that, the tap water cost is
$1.72 per 1000 L in Commerce, TX [44], the water cost is approximately $166.62 per month.

4.4. PV Solar Panel Model

The PV solar panel is needed to run the proposed green roof system involving the
irrigation system addressed in Section 4.3. Regarding that the green roof grids with plants
could run without electricity (see Section 3.1), the irrigation system is the major component
consumes electricity. If the irrigation system uses 100 kW centrifugal pump two times for
10 min each in a day;, it requires 37.02 kWh. This implies that the monthly consumption
of the system can be approximately 1110.7 kWh, and annual consumption is 4442.8 kWh.
Note that the condensate water is only generated from June to September. According
to the study conducted in Texas [45], the PV solar panel system consisting of 20 panels
(7.38 m x 4.25 m) can annually generate 60,994 kWh. Its initial investment cost involv-
ing modules, inverter, pipe, foundation, material, and labor is $145,357. Based on this
information, we can develop a simple energy generation model of the PV solar panel
as follows.

Eso1ar = 0.3481x4 4)

where x4 is the number of PV panels; and Ej,,, is generated energy by solar panel for an
hour (kWh). Equation (4) gives that the required PV solar panel system should have two
panels with annual capacity of 6099.4 kWh. The estimated investment cost is $14,535.7,
and required space is 3.3 m by 0.95 m. The return on investment (ROI) is approximately
41 years with an interest rate of 1% when the price of 1 kWh is $0.1. Although this has low
profitability, this cleaner energy source meets the goal of green roof system which tends to
make an urban area eco-friendly. Note that the scope of this study is about a green roof
system operating with solar energy (i.e., not a green building which can be fully operated
by solar energy). Thus, we assume that there is an external power source for the building
maintenance (e.g., HVAC).

4.5. Simulation Results

The developed simulation model is used to understand the impact of the proposed
green roof system. The air temperature data shown in Table 2 is used as input data
in the simulation model so that Equations (1) and (2) in the simulation model enables
to compute surface temperature of the subject building and energy consumption of the
HAVC, respectively. Table 3 shows the performance of green roof and non-green roof.
Average surface temperature of the subject building in green roof and non-green roof
cases is 28.04 °C and 49.71 °C, respectively. The temperature difference between the
surface temperature and indoor temperature (25 °C) is 3.04 °C under the green roof and
24.71 °C under the non-green roof. The temperature gap causes electricity use of HVAC
so that HVAC in the green roof scenario annually uses 85,091.21 kWh, the HVAC of the
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non-green roof scenario annually uses 825,416.65 kWh. The green roof scenario can reduce
89.69% of energy use of HVAC in the non-green roof. If we consider the annual energy
consumption for maintenance of the subject building (i.e., 2,917,799.83 kWh), the green
roof can contribute to reduce 25.37% of the annual energy consumption. In other words,
the energy saving cost is $74,032.54. Particularly, in summer (from June to September),
36,649.17 kWh of energy use can be saved from 378,780.61 kWh. Estimated saving cost in
summer is $37,878,06.

Table 3. Performance comparison of a green roof.

Category

Air Temperature

Green Roof Non-Green Roof

High (°C) 1 Surface Temperature  Energy Consumption  Surface Temperature Energy Consumption
High (°C) 2 (kWh) 3 High (°C) 2 (kWh) 3
Jan. 14.44 17.12 14,914.69 38.79 135,470.00
Feb. 16.67 19.81 9647.28 40.97 88,768.12
Mar. 20.56 23.13 3403.96 44.80 32,055.33
Apr. 25.00 27.50 643.31 49.16 6225.90
May 29.44 31.86 2207.90 53.53 21,980.67
Jun. 33.33 35.68 6841.89 57.35 69,878.12
Jul. 35.56 37.87 10,759.00 59.53 111,542.67
Aug. 36.67 38.96 13,045.03 60.63 136,273.46
Sep. 32.78 35.14 6003.25 56.81 61,086.37
Oct. 26.67 29.13 742.42 50.80 7260.79
Nowv. 20.56 23.13 3403.96 44.80 32,055.33
Dec. 15.00 17.67 13,478.53 39.34 122,819.90

! The highest air temperature; 2 the highest air temperature estimated by Equation (1); 3 the energy consumption of HVAC estimated by

Equation (2).

Table 4 reveals cost estimate of the green roof system. The initial investment on a roof
(2378.97 m?) of the subject building requires $444,766.31 with 6394 extensive green roof
grids. In other words, the installation cost of $186.96/ m? is in the range from $107.64/ m?
to $215.28/m? suggested by [31]. As mentioned in Section 3, the PV solar panel system
and irrigation system requires $145,357 (31.54%) and $ 10,242.81 (2.22%), respectively.
66.24% of the initial investment cost is used to purchase plants, green roof grid, and
planting medium.

As mentioned earlier, energy savings of HAVC is approximately $74,032.54 per year.
Regarding the maintenance cost (e.g., fertilizer, soil, and plant replacement and water
bill) of a green roof is from $8.07/ m? to $16.15/m? [31], the maintenance cost can be
approximately from $19,198.29 to $38,420.37. Under the annual profit range from $35,612.17
to $54,834.25, the return on investment (ROI) at an interest rate of 0.01 is between 9 to
14 years. In addition, the green roof system can contribute to the elimination of GHG
emission. According to Othman and Kasim [46], carbon sequestration rate (CSR) with 300
Lantana plants is 0.03 per tCO,e. CSR of the subject green roof system is approximately
2.56 per tCOze because it has 25,576 plants. Regarding that a general building annually
generates 1.60 t COye/ m? [47], the subject green roof can remove 4.10 t CO2e/ m2. Asa
result, the green roof can annually remove 9,744.26 t CO2e. Regarding that, the U.S. is
planning to impose GHG emission tax (i.e., $25 per t CO2e) [48], the subject green roof
system can save $ 243,606.5. In this situation, the ROI can be up to 2 years.
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Table 4. Cost analysis of the green roof system.

Category Item Quantity Unit Cost ($) Cost ($)

Extensive grid (grid) E 6394 5 31,970.00

Planting medium (ton) 2 261.73 68 17,797 .49

New Gold Lantana (plant) 3 6394 9.99 63,876.06
Green roof

Purple Trailing Lantana (plant) 3 6394 9.99 63,876.06

Hardy Ice (plant) 3 6394 9.99 63,876.06

White Trailing Lantana (plant) 3 6394 9.99 63,876.06

L HVAC irrigation system (m?) 4 2378.97 431 10,242.81
Irrigation

PV solar panel system (m?) ® 2378.97 61.10 145,357

1 Gize of an extensive grid is 0.61 m x 0.61 m x 0.11 m; 2 composition (volume): 1/3 coarse horticultural vermiculite, 1/3 peat moss, and
1/3 blended compost; 3 four plants are needed for each extensive grid; 4 detail information is addressed in Section 4.3; > detail information

is addressed in Section 4.4.

5. Conclusions

The goal of this study is to propose a modeling and simulation approach for a green
roof system which can reduce energy cost of a building exposed to high temperatures
throughout the summer season. The study consists of two parts: (1) the field-based
study to understand thermal impact of a green roof system on a building surface in
Commerce, Texas, U.S. and (2) the simulation study with agent-based simulation developed
via AnyLogic® University 8.6.0 simulation software to accurately estimate the energy cost
and monetary benefits of the green roof system. An extensive green roof system with
four plants (i.e., New Gold Lantana, Purple Trailing Lantana, Hardy Ice Plant, and White
Trailing Lantana) were used in the study. Thermal impact of the green roof system on
surface temperature of a building was evaluated under the four different plants. The
results from the field experiment showed that plant types were not the significant factor
to reduce the temperature, but presence of the green roof can significantly reduce the
surface temperature. In average, surface temperature of non-green roof building and
green roof building is 57.77 °C and 36.21 °C, respectively. Based on the collected field
data and literatures, estimation models of surface temperature, energy consumption, and
water use involving HVAC condensate water are developed in the proposed simulation.
The proposed approach was applied to estimate energy reduction cost of the Keith D.
McFarland Science Building at Texas A&M University, Commerce, Texas (33.2410° N,
95.9104° W). The subject building with a roof area of 2378.97 m? requires 6394 green roof
grids with the installation cost of $444,766.31. Energy savings of the subject green roof
is approximately $74,032.54 per year, and it can annually save the GHG emission tax of
$243,606.5 when the emission tax rate of $25 per tCO2e. ROI of the subject green roof
system can be up to 2 years in this situation. As a result, the proposed green roof system
is cost-effective, and simulation-based study showed how to estimate potential cost and
benefits of a green roof. The proposed approach will contribute to implementation of
a sustainable building and urban agriculture.

Although the proposed approach successfully showed the performance of the green
roof system, further studies are needed. First of all, the impact of other green roof types
(i.e., an intensive green roof) on building temperature should be also analyzed for the
reliable investment on a green roof system. In addition, for the estimation accuracy of the
proposed simulation model, investment and maintenance costs of buildings with various
types of HVACs should be considered in future.
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