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Abstract

The environmental challenges of climate change increase the energy usage and peak
demands of buildings. Most extant studies of greenery systems focus on exterior applications
such as green facades and roofs, which indirectly affect the indoor environment. Few studies
have focused on quantifying the influence of indoor greenery systems on building energy
consumption. The cooling effects of indoor greenery systems such as living walls are largely
accounted for by the evapotranspiration (ET) process, in which water is transferred to the
ambient environment through the evaporation from and transpiration of plants. Current building
energy simulation software such as EnergyPlus did not have a module for modeling indoor
greenery systems.

In this study, an ET model was created using a machine learning algorithm—Gaussian
Mixture Regression (GMR) based on experimental data. An indoor living wall model
quantifying sensible and latent loads from the ET process was integrated with the energy
simulation software—EnergyPlus through the Python plugin feature. The U.S. Department of
Energy (DOE) medium-sized office building reference model was modified and used in this
study to evaluate indoor living walls’ impacts on cooling energy use. A parametric study on leaf
to floor area ratios (LFAR), orientations, distances from windows, and climates was conducted to
evaluate the influence of each factor on indoor living walls’ performance. Cooling effects of
indoor living walls were evaluated in three ASHRAE climates with high cooling demands.
Observable cooling energy savings were obtained for the south, east, and west perimeter zones
while savings for the north perimeter zone was negligible in all three climates. With the
consideration of extra electricity use from direct expansion (DX) dehumidification devices for
humidity control, the maximum cooling electricity savings in Los Angeles, CA are 25.1% when
LFAR=1.5 for the south perimeter zone, 14.4% when LFAR=0.5 for the east perimeter zone,
0.3% when LFAR=0.3 for the north perimeter zone, and 14.5% when LFAR=0.5 for the west
perimeter zone on the design day.

Keywords: indoor living walls; evapotranspiration; machine learning; EnergyPlus;
Python

1. Introduction

The environmental challenges of climate change further increase the energy usage and
peak demands of buildings. Various efforts have been made to reduce building energy



consumption while maintaining a comfortable indoor environment. Greenery infrastructure
enhancements have been recognized as climate change adaptation measures by the
Intergovernmental Panel on Climate Change (IPCC) [1, 2], and have been considered effective
approaches for addressing climate challenges through mitigation of the urban heat island effect
[3-5], passive cooling [6, 7], and air quality improvement [8, 9]. The cooling effects of greenery
systems are largely accounted for by the evapotranspiration (ET) process, in which water is
transferred to the ambient environment through the evaporation from and transpiration of plants
[10].

Most extant studies of greenery systems focus on exterior applications such as green
fagades and roofs, which indirectly affect the indoor environment. Limited studies have been
conducted on indoor greenery systems such as indoor living walls despite the fact that people on
average spend about 90% of their time indoors [11]. Few studies have focused on quantifying the
influence of indoor greenery systems on building energy consumption. Previous work on indoor
greenery systems has only demonstrated proof-of-concept results on cooling effect [12-14], and
has not attempted to quantify how different sizes of indoor greenery systems affect building
energy consumption. In an experimental study of a hall with a floor area of 520 ft* that was not
equipped with air conditioning, an average temperature reduction of 4K was observed near an 86
ft? indoor living wall [12]. Perez-Urrestarazu et al. [13] performed an experiment using an active
living wall in the hallway of a faculty building in Seville, Spain. The hallway was not supplied
by the building’s HVAC system. Results showed drops in temperature between 0.8 and 4.8K at
different distances from the wall due to the presence of the living wall. Thus, an indoor greenery
system can potentially be an alternative to a mechanical evaporative cooler for space cooling.
Abdo and Huynh [14] tested living walls within rectangular acrylic-sheets
chambers (0.5mx0.5mx0.13m) in Sydney, Australia. Experimental results showed that living
walls reduced the ambient temperatures in a range of 0.5-3K depending on whether a living wall
1s in an active (with a mechanical fan) or passive (without mechanical ventilation) chamber
environment. In addition, indoor plants demonstrate the capability of improving thermal comfort
[15], indoor air quality [16-20], productivity and creativity [21, 22], while reducing noise levels
[23], the negative effects of visual glare [24], stresses [25, 26], and discomforts [27, 28]. The
diverse ecosystem created by indoor greenery systems opens up new opportunities for
counteracting climate change through integration with heating, ventilation, and air conditioning
(HVAC) systems in commercial buildings.

Because the cooling effects of indoor living walls are largely accounted for by the
evapotranspiration (ET) process, accurately determining the ET rates is essential for the
quantification of indoor living walls’ impacts on HVAC energy use. ET rates are affected by
environmental conditions (air temperature, humidity, air velocity, net radiation) [29], plant type
[30], plant physiology parameters (leaf area index, leaf temperature, plant density [31]), and
plant growing methods (soil-based or hydroponics). Although approximately fifty ET models
[32-47] have been developed and widely applied for open-field agriculture, forests, and
wetlands, only a couple of ET models (Stanghellini and Graamans’s models) were created for
controlled environment agriculture [29]. A few studies [48-50] have employed existing ET
models such as Penman-Monteith [32] and FAO Penman-Monteith [51] for ET prediction of
outdoor greenery systems. But no studies have conducted ET modeling for indoor greenery
systems in buildings.
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The objectives of this study are 1) to create a thermal model for indoor greenery systems
to predict ET rates and thermal interaction with the indoor environment, and 2) to evaluate the
impacts of indoor living walls on HVAC energy consumption using the DOE medium-sized
office building prototype [53]. In this study, plant experiments using a portable photosynthesis
system LI-6400XT were first presented in section 2 to measure transpiration and stomatal
conductance of hydroponically growing indoor plants at various environmental conditions.
Section 3 describes the ET and stomatal conductance models built upon measurement data from
plant experiments. Particularly, a Gaussian mixture regression (GMR) model was developed for
modeling ET of indoor hydroponic greenery systems. Section 4 describes the method of
modeling indoor living walls built upon the GMR model for quantification of ET rates. An
indoor living wall model quantifying sensible and latent loads from the ET process was
integrated with the energy simulation software—EnergyPlus [52] through the Python plugin
feature. Sections 5 and 6 present the parametric simulation study using coupled simulations
between the indoor living wall model and EnergyPlus and simulation results. Energy
simulations were carried out for summer design days in three climates. Preliminary design
guidelines on indoor living walls were put forward for architects and mechanical engineers.

2. Plant experiments

The portable photosynthesis system LI-
6400XT [54] was used to measure transpiration
and stomatal conductance of hydroponically
growing indoor plants. LI-6400XT is commonly
used to compute leaf-level photosynthesis based
on the measured difference in CO; and H>O
between controlled environmental chamber
conditions and reference conditions [54]. LI-
6400XT was able to set up different leaf chamber
environmental conditions (temperature, humidity,
COz, and net radiation) and measure plants’
physiological responses to various environmental
conditions. Stomatal conductance [mmol m2s™
or m/s] represents the degree of stomatal
openings and directly affects the rate of water
vapor exiting through stomata [55].

Specifically, a common type of indoor Figure 1. The leaf chamber sensor head, LI-
plant—Epipremnum aureum (Golden Pothos)— 6400XT for plant physiological measurements
was selected. As shown in Figure 1, Epipremnum
aureum was planted in a hydroponic growing system that was made from PVC pipes (pipe
diameter: 2.5 inches) partially filled with the nutrient solution.

The experiments were designed and carried out for different chamber environmental
conditions. These environmental parameters include photosynthetic photon flux density (PPFD),
CO; concentration, and chamber block temperature. Plants make use of the light region between
400 nm and 700 nm referred to as photosynthetically active radiation (PAR) for photosynthesis.
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PPFD [pmol/s-m?] measures the amount of photosynthetically active photons (400 nm-700 nm)
arriving at a leaf surface per m? per second.

Five plants were randomly selected and labeled from the hydroponic system. The sensor
head of LI-6400XT is shown in Figure 1. The PPFD levels were tested at 10, 50, 100, 200, 300,
400, 500, 600, 700, 800, 900, and 1000 pumol/s-m? The COx concentration levels were tested at
300-1500 ppm with 100 ppm intervals. The chamber block temperatures were set at 18-35 °C
with 1°C intervals.

Each measurement in response to the change of lighting or temperature was taken after
waiting for at least 30 minutes from the change of chamber lighting conditions and block
temperature, or stabilization of the photosynthesis and stomatal conductance, whichever is
longer. Each measurement in response to the change of CO» concentration was taken after a
couple of minutes from the change of chamber CO: concentrations or stabilization of the
photosynthesis and stomatal conductance, whichever is longer. “Match” is always applied to
trigger the operation of the match valve of LI-6400XT every 20-30 minutes or after the change
of CO2 concentrations in the leaf chamber.

Based on the experimental data, the relationships between key environmental parameters
and transpiration rates as well as stomatal conductance of the indoor plants were illustrated in
Figures 2-5. PPFDs have the most significant impact on plants’ stomatal conductance and
transpiration in comparison with CO; concentrations and the chamber block temperature. Figure
2 shows that transpiration rates increased with the increase of PPFD until it reached 700 pmol/(s-
m?) and plateaued. Transpiration rates ranged from 0 mmol H>O/(m?s) to 1.95 mmol H>O/(m?s)
with the variation of PPFDs under the testing condition of block temperature: 20 °C, CO»
concentration: 400 ppm, and relative humidity: 40%-70%.
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Figure 2. Transpiration rates of Epipremnum aureum in response to different photosynthetic
photon flux density (PPFD) under the testing condition of block temperature: 20 °C, CO»
concentration: 400 ppm, and relative humidity: 40%-70%

Figures 3 showed changes in transpiration in response to the increase in CO; concentrations.
Transpiration rates stayed nearly constant when CO: concentration ranges from 300 ppm to 500
ppm under the testing condition of block temperature: 20 °C, PPFD: 100 umol/(s-m?), and
relative humidity: 40%-70%. However, with the further increase of CO> concentrations,
transpiration rates decreased because plant stomata tend to close with largely increased CO»
concentrations. The medians of stomatal conductance and transpiration dropped by 56% and
54% respectively when COz concentrations were continuously increased from 500 ppm to 1500

ppm.
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Figure 3. Transpiration rates of Epipremnum aureum in response to different CO> concentrations
under the testing condition of block temperature: 20 °C, PPFD: 100pumol/(s-m?), and relative
humidity: 40%-70%.

In addition to the variations of PPFD and COx concentrations of testing environmental
conditions, the chamber block temperatures were modified to evaluate the effect of block
temperature on transpiration rates and stomatal conductance. As shown in Figure 4, transpiration
rates of Epipremnum aureum increased with the increase of chamber block temperature from 18
°C to 23 °C. Transpiration rates plateaued with the further increase of block temperature.
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Figure 4. Transpiration rates of Epipremnum aureum in response to different block temperatures
under the testing condition of CO, concentration: 400 ppm, PPFD: 100umol/(s-m?), and relative
humidity: 40%-70%.

Stomatal conductance in response to the variation of block temperature is shown in
Figure 5. Stomatal conductance slightly increased with the increase of block temperature of the
chamber from 18 °C to 23 °C and stayed relatively steady between 24 °C and 27 °C. However,
unlike transpiration rates, stomatal conductance decreased with the further increase of block
temperature above 27 °C. The median variation is up to 41% under the testing condition of CO>
concentration: 400 ppm, PPFD: 100 umol/(s-m?), and relative humidity: 40%-70%.
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Figure 5. Stomatal conductance of Epipremnum aureum in response to different block
temperatures under the testing condition of CO» concentration: 400 ppm, PPFD: 100 umol/( s-
m?), and relative humidity: 40%-70%.



3. An ET model for indoor living walls

The measured ET and stomatal conductance tested under various chamber environmental
conditions were used for training and/or testing three ET models: the Penman-Monteith model, a
mass transfer ET model, and a GMR model for Epipremnum aureum. The evaporation from
growing media of indoor living walls was neglected in this study. This is a reasonable
assumption since the overall area of growing media is rather small for a hydroponic system.
3.1 ET models
3.1.1 Penman-Monteith Model

The Penman-Monteith model [32] (Eq. 1) has been widely used for ET prediction in
agriculture [29] and was first tested using the experimental data for ET prediction of
Epipremnum aureum.

pPa'Cp'VPD

(1

A A+y(1+:—2)

Where ET is the plant evapotranspiration rate [mm/s; kg/(m?s)], A is latent heat of vaporization
[MJ/kg], A represents the slope of the saturation vapor pressure-temperature curve [kPa/°C], y is
the psychrometric constant [kPa/°C], I,, is the net radiation [MJ/m? s], G represents soil heat flux
[MJ/m? s], p, is mean air density [kg/m?], Cp is the specific heat of air [MJ/kg °C], VPD is the
vapor pressure deficit [kPa], 7 is (bulk) surface resistance [s/m] that describes the resistance to
the flow of water vapor from inside the leaf, vegetation canopy, or soil to outside the surface, and
1, 1s aerodynamic resistance [s/m].

3.1.2 Mass Transfer ET model

In addition to the Penman-Monteith model, ET prediction based on a mass transfer
equation (Eq. 2) based on the humidity ratio difference was also tested in this study.
_ PaA(Wp—Wy)
ET = (ra+rs) (2)
where p, is mean air density [kg/m?®], 4 is the leaf area [m?], W, is humidity ratio [kg vapor/kg
dry air], W, 1s humidity ratio [kg vapor/kg dry air] of saturated air at plant surface

temperature Tp, 7, 1s aerodynamic resistance [s/m], 75 is the stomatal resistance [s/m].

3.1.3 Gaussian Mixture Regression (GMR) model

A GMR model was used to predict ET rates for indoor plants using experimental data as
the third ET model for comparison. GMR models have been tested in predicting energy use [58,
59] in the built environment as well as in other disciplines[60, 61]. Gaussian Mixture Model
(GMM) is a parametric probability density function represented as a weighted sum of Gaussian
component densities (Eq.3).

prob(x) = X_, miN(x, ¥ |, &) 3)
Where 7, pj, and §; denote the weight coefficient, mean, and covariance of the j™ component,
respectively. N (x, y|u;, ;) represent the probability distribution function of a multi-variable
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Gaussian process. The GMM parameters were determined using the Expected Maximization
(EM) algorithm with training data. The optimal number of components can be determined based
on the Bayesian Information Criterion [62] or the Variational Bayesian method [63]. GMR [64]
is then used to predict the dependent variable f(x) ET rates given the observed independent
variables x, such as net radiation (Rn), air temperature (Ta), CO2 concentration C,, and vapor
pressure deficit (VPD), and GMM parameters for testing data. f(x) represents the prediction of
the dependent variable f(x). w;(x) is the updated mixing coefficient vector given observed
independent variables for the j™ componentx.

fr(x) =EY|X =x) = 9‘:1 w;(x) (ij + 5jyx5jxx_1(x - ﬂjx)) 4)

mjN (xkix 8 jxx)
E?:l 7N (%:1x.6xx)

)

3.2 Stomatal conductance models

Both Penman-Monteith and mass transfer equation models require stomatal resistance 7
[m/s] and aerodynamic resistance 7, [m/s]. Because stomatal resistance 75 is much larger than
aerodynamic resistance 7, the acrodynamic resistance was ignored in the calculation without
compromising modeling results. Jarvis [56] and the Ball [57] models are the most widely used
models for stomatal conductance g (the inverse of stomatal resistance). Both models require
experimental data to train the coefficients in mathematical functions. Ball model was established
based on assimilation rates, relative humidity at the leaf surface, and CO> mole fraction while the
Jarvis model was established based on environmental conditions such as radiation /, temperature
T, vapor pressure deficit (VPD), leaf water potential ¢, carbon dioxide concentration C,.
Therefore, the Jarvis model is more suitable for use in this study. Jarvis model (Eq. 6) uses a
generalized multiplicative form between stomatal conductance g5 and its mathematical functions
with key environmental conditions.

9s = fF(DR(MD)i(VPD)j(p)k(Cq)  (6)
In addition, a GMR model, as described in 3.1.3, was also used to predict the stomatal
conductance of indoor plants. The modeling results were illustrated in 3.3.

3.3 Model development and testing results

A Jarvis model was first developed for stomatal conductance using experimental data
based on environmental parameters including net radiation (R;), air temperature (T,), CO»
concentration C,, and vapor pressure deficit (VPD). The R? of the Jarvis model (Eq. 7) for
stomatal conductance was 0.82 with the coefficient of the variation of the root mean square
errors (CV-RMSE) of 36% and the mean bias error (MBE) of 21%. The individual functions
(Egs.8-11) are linear for the environmental parameters except that the function for VPD is
logarithmic. The comparison between measured and predicted stomatal conductance from the
Jarvis model is shown in Figure 6. It is observed that the deviations between measurement and
prediction became large with the increase of stomatal conductance.

gs = fRu)h(TR)i(VPD)k(C,) (7)



£(R;)=0.0045R ,+0.4312 (R = 0.77) (8)

h(T,)=-0.029T, + 1.5321 (R2=0.02) )]
i(VPD)=-0.526 LN(VPD)+0.9986 (R = 0.009) (10)
k(C,) =-0.0007C, + 1.3303 (R*=0.17) (11)
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Figure 6. Comparison between predicted and measured stomatal conductance for indoor plants.

Using the Jarvis model for stomatal conductance, Penman-Monteith and mass transfer
models were applied for ET prediction. The comparison results are shown in Figure 7 with CV-
RMSEs of 42% and 37% and MBEs of 30% and 24% for the Penman-Monteith ET model and
mass transfer ET model, respectively. Both models have an R? of 0.84. Although the mass
transfer ET model has better statistical indices than the Penman-Monteith ET model, CV-RMSE
and MBE do not meet the requirements of ASHRAE Guideline 14 [65]. This is mainly due to the
less accurate prediction of stomatal conductance from the Jarvis model.
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Figure 7. Comparison between measured and predicted transpiration rates with Penman-
Monteith and mass transfer ET models

A GMR model was developed to predict stomatal conductance and ET rates based on
experimental data. The same set of input parameters as those in the Jarvis model including net
radiation (Ry), air temperature (Ta), CO> concentration (C,), and VPD was used for both stomatal
conductance and ET prediction. There are 1,113 data points in total, in which 557 data points
were used for training and 556 data points were used for testing. The comparison between
measured and predicted transpiration rates from a GMR model was shown in Figure 8. CV-
RMSEs of 17% and 24% were obtained for ET and stomatal conductance predictions using
testing data, respectively. MBEs of -0.7% were obtained for both ET and stomatal conductance
predictions. An R? of 0.935 was obtained for the testing data. In comparison with the Penman-
Monteith and mass transfer ET models, the GMR models have better performance.
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Figure 8. Comparison between measured and predicted transpiration rates from a GMR model.

4. Coupling the indoor living wall model and EnergyPlus model

An indoor living wall model was coupled with the EnergyPlus simulation model through
the Python plugin of EnergyPlus. The Python plugin and API features extend the flexibility of
using EnergyPlus for hybrid modeling and advanced controls. Customized simulation modules
are not necessarily added to EnergyPlus. To expand its functionality, EnergyPlus users can write
Python codes to connect with EnergyPlus for co-simulation via Python plugin or API features. In
this study, EnergyPlus interacts with the indoor living wall model built upon the GMR model for
ET prediction to quantify the effect of the ET process on cooling energy use and the indoor
environment.

(Tr,wy) qs (T, wy)
Figure 9. Psychrometric illustration of evapotranspiration (ET) process

As shown in Figure 9, an evapotranspiration (ET) process can be considered as
evaporative cooling with nearly constant enthalpy throughout the process. Within each timestep,
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the starting moist air condition of a thermal zone (initial zone temperature 77 and initial humidity
ratio W-) will be updated with the addition of moisture from the ET process to a new moist air
condition (new zone temperature 7, and new humidity ratio ¥,) without the consideration of
other internal heat gains as well as energy input from HVAC systems. The ET process from
indoor living walls can be interpreted as add-on sensible (¢;) and latent loads (g¢s) influencing the
indoor heat balance of EnergyPlus.

The algorithm for modeling indoor living walls was illustrated using a flow chart (Figure
10). Four key parameters including net radiation, air temperature, CO> concentration, and VPD
were first processed as input parameters of the ET model. The illuminance level was treated as
plant net radiation and was calculated as the illuminance level of a specified distance from
windows at 1.0 m height above the floor. Indoor CO» concentration was assumed as a constant at
400 ppm. This is a reasonable assumption for most spaces with adequate ventilation. In addition,
ET rates were relatively stable when CO; concentration ranges between 400 ppm and 500 ppm
based on measurements. The thermal zone air temperature was retrieved from the end of the
previous timestep. VPD was calculated based on air temperature and relative humidity retrieved
from the end of the previous timestep. The predicted ET rate based on the GMR model was used
to update the humidity ratio of each timestep (Eq. 12).

ET XLAXt

Won =W, + p XVx106

(12)

Where ET [mg/(m?s)] is the evapotranspiration rate per unit area, LA [m?] represents the total
leaf area of indoor living walls, p [kg/m?] is the dry air density, and ¥ [m®] is thermal zone
volume, W, [kg H20/kg dry air] is the zone air humidity ratio at the end of the previous
timestep, and W, [kg H>O/kg dry air] is the updated zone air humidity ratio after the ET process.

Then the updated humidity ratio W,, [kg HoO/kg dry air] is compared to the humidity
ratio W; of the saturated condition. If W, is greater than W, the moist air is in a saturated
condition, and the updated zone air temperature T, is equal to the zone wet-bulb temperature.
Otherwise, the zone air temperature T,, can be calculated based on W}, and zone air enthalpy h,
[kJ/kg dry air]. The assumption is that zone air enthalpy before and after the ET process stays
nearly constant as an evaporative cooling process. We then calculate equivalent sensible and
latent loads due to ET influencing the thermal zone heat balance of EnergyPlus based on Fig. 9.
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Figure 10. A flowchart of the indoor living wall model

The approach using Python plugin enables ET modeling with complex machine learning
methods. However, the effects of indoor living walls on zone heat balance were not fully
addressed. The proposed modeling approach only simulated the ET effect from indoor living
walls on thermal zone energy balance. In addition to the influence of the ET process, convection
and radiation effects between plant surface and zone air should also be considered as part of the
effects from living walls. A new module on indoor living wall systems in energy simulation
software such as EnergyPlus would still be necessary for comprehensively considering the
effects of indoor living walls on building energy use and space temperature convergence
between the indoor living wall model and heat balance. Due to the nature of external coupling,
the integrated program took much longer to run in comparison with running EnergyPlus alone.

5. EnergyPlus model and parametric runs

The DOE medium-sized office building reference model was modified and used in this
study to evaluate indoor living walls’ impacts on cooling energy use. The building reference
model was developed in compliance with ASHRAE 90.1-2007 [53]. The medium-sized office
building has five thermal zones per story and three stories in total. The thermal zone layout of
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each floor is shown in Figure 11. The window to wall ratio (WWR) for each orientation is 0.33.
The building was served by three multi-zone variable air volume (VAV) systems (one system for
each floor) with direct expansion (DX) coils for cooling and gas burners for heating. Each VAV
terminal unit has an electric reheating coil. A constant of 30% was set for the minimum airflow
fraction of VAV terminal units in the original model. The cooling setpoint was 24°C during
occupied hours and 26.7°C during unoccupied hours. The heating setpoint was 21°C during
occupied hours and 15.6°C during unoccupied hours.

W

. - 49.91m
M
207.34 m?
' - 3
® | : 218
3 3,
207.34 m?
o

Figure 11. Thermal zone layout and daylighting reference points for the medium-sized office
building prototype in EnergyPlus

To meet the objective of this study for evaluating indoor living walls’ impacts on cooling
energy use in commercial buildings, the DOE medium-sized office building reference model was
modified as follows. First, use a constant cooling setpoint of 24°C throughout the day. Second,
set the minimum airflow fraction of VAV terminal units as autosize in EnergyPlus to meet
ventilation requirements from ASHRAE Standard 62.1[66]. Third, add daylighting reference
points (Figure 11) for capturing the illuminance level of a specified distance from the exterior
window at 1.0 m height from the floor for each perimeter zone.

A parametric study on the leaf area to floor area ratios (LFAR), orientations, distances
from windows, and climates was conducted to evaluate the influence of each factor on indoor
living walls’ performance. LFAR is defined as the ratio between the total leaf area of indoor
living walls to the floor area of a thermal zone. Indoor living walls were placed in each perimeter
zone for four different orientations (N, S, W, E) of the middle floor and at different distances
including 0.5 m, 1.0 m, 1.5 m, 2.0 m, 2.5 m, 3.0 m, 3.5 m, 4.0 m and 4.5 m from windows. Nine
leaf-to-floor-area ratios including 0.1, 0.3, 0.5, 0.8,1.0,1.5, 2.0, 2.5, 3.0 were simulated and tested
in this study. In addition, parametric simulations for three ASHRAE Climate Zones: 1A (very
hot and humid), 2B (hot and dry), and 3B (warm and dry) were run for summer design days
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using the integrated EnergyPlus and indoor living wall model simulation. The representative
cities are Miami, FL, Phoenix, AZ, and Los Angeles, CA for 1A, 2B, and 3B, respectively.
Summer design days are 7/21 for Miami and Phoenix and 8/21 for Los Angeles. In total, 243
models with indoor living walls and 24 models with both indoor living walls and humidity
control were simulated using EnergyPlus. In each model, the effects of indoor living walls were
evaluated for the four perimeter zones simultaneously. A separate Python code was developed to
automatically update the EnergyPlus models and associated python codes for EnergyPlus plugin.

6. Results

Simulation results are presented and analyzed for the medium-sized office building with
indoor living walls for two control options: temperature control only, and temperature and
humidity control.

6.1 Simulation result analysis for indoor living walls with temperature control only

Living walls’ effects on cooling energy use in the medium-sized office building were
evaluated from the influential factors: climates, orientations, distances from windows, and
LFARs. Percentage of cooling rate reduction for perimeter zones, indoor environmental
conditions including zone air temperature and relative humidity, and ET rates were analyzed for
different scenarios.

6.1.1 Climates

The scenarios with living walls placed 1.0 m from the window of the south perimeter
zone and LFAR=0.8 were used to illustrate the cooling effects in different climates. Cooling
energy uses were reduced by 3.4% (4.3 kWh), 3.6% (5.1 kWh), and 7.6% (9.1 kWh, for Miami
(MI), Phoenix (PH), and Los Angeles (LA), respectively on the design day. For unit area (m?) of
indoor living walls, cooling energy savings were equivalent to 0.026 kWh/m? of living
wall/zone, 0.031 kWh/m? of living wall/zone, and 0.055 kWh/m? of living wall/zone for MI, PH,
and LA, respectively. Figure 12 compares the cooling rates between baseline without indoor
living walls and the living wall scenarios with LFAR=0.8 in the south perimeter zone. As shown
in Figure 12, cooling reductions mainly occurred in the morning between 8:00 am -10:00 am and
late afternoon 2:00 pm — 4:00 pm. As shown in Figure 13, ET rates were mostly influenced by
net radiation (illuminance level at reference point). The illuminance level in EnergyPlus for each
reference point was measured in lux, which is converted to photosynthetically active radiation
(PAR) in W/m? (1 W/m?=126 lux). Because the illuminance level in LA is the highest among the
three climates on design days, cooling reduction in LA is the highest among the three cities.
Figure 14 shows that zone air temperatures stayed at a constant of 24 °C as required by the
cooling setpoint and zone relative humidity was in a reasonable range with living wall scenarios
for all three climates.
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Figure 12. Comparison of hourly-averaged cooling rates between baseline and living wall
scenario with LFAR=0.8 and 1.0 from the window of the south perimeter zone in LA
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Figure 13. Hourly-averaged ET rates and photosynthetically active radiation (PAR) at 1.0 m
from the window of the south perimeter zone
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Figure 14. Hourly-averaged zone air temperature and relative humidity for living wall scenario
with LFAR=0.8 and 1.0 m from the window of the south perimeter zone (note: ZAT—zone air
temperature, RH—relative humidity).

6.1.2 Orientations

Reduced percentage of cooling rates were compared for the four perimeter zones with
different orientations (north, south, west, and east). Figure 15 showed the cooling rate reductions
for different oriented perimeter zones with LFAR=1.0 at 0.5 m from windows. In all three
climates, cooling rates were reduced by 22.7%-25.4% (23.5 kWh —26.3 kWh) and by 19.1%-
22.2% (20.3 kWh —22.1 kWh) for the west and east perimeter zones, respectively; cooling rate
reductions were relatively small ranging from 3.4% to 6.9% (3.6 kWh — 9.4 kWh) for the north
perimeter zones. The percentage of cooling rate reduction ranges from 3.4% to 27.4% (4.5 kWh
—34.5 kWh) with a large difference for south perimeter zones mainly due to different
illuminance levels which affect ET rates.
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Figure 15. Cooling rate reductions for different oriented perimeter zones with LFAR=1.0 at 0.5
m from windows.

Hourly-averaged space air temperature and relative humidity of perimeter zones were
illustrated in Figure 16 for living wall scenarios with LFAR=1.0 and 0.5 m from the window in
PH. Space air temperature stayed at a constant 24°C for most of the time except early morning in
the east perimeter zone and afternoon in the west perimeter zone. This is because the cooling
effects from the ET process for the two perimeter zones are sufficient to cool off the space
during those periods with required mechanical ventilation as shown in Figure 17 for the west
perimeter zone between 2:00 pm and 3:00 pm was due to space ventilation requirement. It is also
noted that space relative humidity was significantly increased in the early morning of the east
perimeter zone and late afternoon of the west perimeter zone and throughout the day for the
south perimeter zone in PH due to the ET process.

30 100
29 90
ShPY: go =
>
(O] )
= 27 70 _§
T 26 60 g
o <
225 50 o
>
32 40 =
‘© 23 30 ¢
8 [J)
22 20 €
N S
21 10
20 0

0123456 7 8 91011121314151617181920212223

—7AT S ZAT E ZAT N ZAT_W

———RH N ==e==RH S ==t#==RH E ==m==RH W

Figure 16. Hourly-averaged zone air temperature and relative humidity for living wall scenario
with LFAR=1.0 and 0.5 m from the window in PH (note: ZAT—zone air temperature, RH—
relative humidity, S—south perimeter zone, E—east perimeter zone, N—north perimeter
zone, W-—west perimeter zone).
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Figure 17. Comparison of cooling rates between baseline and living wall scenario with
LFAR=1.0 and 0.5 m from the window of west perimeter zone in PH

6.1.3 Distance from windows

The distance of living walls from windows in perimeter zones plays an important role.
Generally speaking, when living walls were placed close to exterior windows, the living walls
receive high radiation; when living walls were placed further away from windows, the living
walls receive relatively low radiation. However, due to the fact that daylight was reflected from
space surfaces, the illuminance levels may not always reduce with the increased distance from
the window. Figure 18 illustrated the variation of cooling rate reduction with the change of the
living walls’ distances from windows when LFAR=1.0 for the south perimeter zone. When
living walls were placed close to exterior windows, the cooling rate reduction can be
substantially high (27.4% for LA and 15.3% for PH). Per unit area of indoor living walls, the
cooling energy savings were 0.17 kWh/m? of living wall /zone for LA, and 0.11 kWh/m? of
living wall/zone for PH on the design day. When living walls were placed close to the interior
walls, the cooling rate reduction was only 1.2%-1.5%. When living walls were placed within 2.5
m from exterior windows, the average cooling rate reductions for the south perimeter zone were
4.5% (5.9 kWh) for M1,6.5% (9.4 kWh) for PH, and 10.1% (12.7 kWh) for LA.
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Figure 18. Cooling rate reductions with the change of living walls’ distances from windows for
scenarios with LEFAR=1.0 for the south perimeter zone.

6.1.4 Leafto floor area ratio (LFAR)

LFARSs ranging from 0.1 to 3.0 were evaluated for the cooling effects of living walls.
Figure 19 showed the variation of cooling rate reductions with the change of LFAR for living
walls placed 0.5 m from windows in LA. With the increase of leaf area ratio, cooling rate
reduction for perimeter zones has been increased. It can be seen that up to 41.2% (51.9 kWh) of
the cooling rate can be reduced for the south perimeter zone in LA when living walls were
placed close to the window with a leaf area ratio of 3.0. The maximum cooling rate reduction
was 36.4% (33.7 kWh) and 35.1% (32.1 kWh) for the west and east perimeter zones,
respectively.
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Figure 19. Cooling rate reductions with the change of LFARs for living walls placed 0.5 m from
windows in LA. (note: S—south perimeter zone, E—east perimeter zone, N—north perimeter
zone, W—west perimeter zone).
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However, with the increase of LFARSs, periods when space relative humidity exceeds
85% were also increased as shown in Table 1. For example, 7.7% of the design day exceeding
85% relative humidity represented about 1.8 hours of the design day. If 34.9% of the time
exceeds 85% relative humidity (8.4 hours), the exceeding period would be too high. A designer
should select a suitable LFAR or have both temperature and humidity control for spaces to avoid
high space relative humidity over a long period. By adding humidity control with
dehumidification at system or zone levels, the cooling rate reduction would be compromised and
optimization could be performed to identify the best design solution for a specific building
design. Natural ventilation or mixed-mode ventilation could be an interesting accompanying
strategy with indoor living walls to reduce issues with high relative humidity and achieve further
energy savings.

Table 1. Percentage of time when space relative humidity was higher than 85% when indoor
living walls were placed 0.5 m from windows on the design day in LA.

LFAR
Orientation 0.1 0.3 0.5 0.8 1 1.5 2 2.5 3
S 0.0% ]0.0% |00% |06% |7.7% |29.0% | 32.4% | 34.0% | 34.9%
E 0.0% ]0.0% | 7.5% 13.4% | 15.1% | 18.6% | 19.7% | 19.3% | 17.3%
N 0.0% ]0.0% |00% |00% |00% |00% |0.0% |0.0% |0.0%
W 0.0% |0.0% | 8.0% 12.6% | 14.1% | 18.1% | 19.0% | 19.2% | 19.7%

6.2 Simulation result analysis for indoor living walls with both temperature and humidity control

To properly control indoor space humidity levels, a humidistat of 80% relative humidity
as the upper limit was added to each perimeter zone of the middle floor in the EnergyPlus model.
In addition, a DX dehumidifier with a rated water removal of 300 L/day and a rated energy factor
of 3.412 L/kWh was added to the EnergyPlus models for each perimeter zone to remove extra
moisture from living wall for thermal comfort. 24 parametric runs were conducted for the three
climates with eight LFARs (0.3, 0.5, 0.8, 1, 1.5, 2, 2.5, 3) when living walls were placed 0.5 m
from the exterior windows.

6.2.1 Performance comparison with and without dehumidification device

The scenario—LFAR=1.0 with indoor living walls placed 0.5 m from the windows in
LA—was used as an example to illustrate the performance with and without dehumidification
devices. The performance parameters for comparison include DX cooling coil electricity rates,
ET rates, and relative humidity.

With the addition of DX dehumidification devices, periods of high relative humidity for
perimeter zones were reduced. Figures 20 (a)-(c) showed the hourly-averaged space relative
humidity for the south, east, and west perimeter zones with LFAR=1.0. The percentage of time
exceeding 85% relative humidity was reduced from 7.7% to 0.6% for the south perimeter zone,
from 15.1% to 2.8% for the east perimeter zone, and from 14.1% to 4.8% for the west perimeter
zone.
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Figure 20. Hourly-averaged space relative humidity: a. south perimeter zone, b. east perimeter
zone, c. west perimeter zone for LFAR=1.0 with indoor living walls placed 0.5 m from the

windows in LA (note: RH—relative humidity, S—south perimeter zone, E—east perimeter
zone, W-—west perimeter zone).

Hourly-averaged ET rates for the south perimeter zone, east perimeter zone, and west
perimeter zone were shown in Figures 21 (a)-(c). There were negligible increases in ET rates for
south and east perimeter zones while ET rates were increased by 13% for west perimeter zones
with the addition of DX dehumidification. The controlled relative humidity resulted in the VPD
increase, and therefore the increase in ET rates.
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Figure 21. Hourly-averaged ET rates: a. south perimeter zone, b. east perimeter zone, c. west
perimeter zone for LFAR=1.0 with indoor living walls placed 0.5 m from the windows in LA
(note: _S—south perimeter zone, E—east perimeter zone, W-—west perimeter zone).

The five thermal zones (four perimeter zones and one core zone) on the middle floor
were served by a VAV system with a DX cooling coil for cooling. Figure 22 showed the DX
cooling coil electricity rates for the VAV system in three scenarios: baseline (no living walls and
no DX dehumidification), the scenario with living walls and DX dehumidification, and the
scenario with living walls only. With the indoor living walls (LFAR=1.0) placed in each
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perimeter zones, the electricity use savings from the DX cooling coil were 9.2% (38.0 kWh) for
the scenario with living walls only and 6.7% (27.9 kWh) for the scenario with living walls and
DX dehumidification on the design day. In comparison with the scenario with living walls only,
there were increases in DX coil electricity use (10.1 kWh) for the scenario with living walls and
DX dehumidification. The increases in DX coil electricity use were due to the add-on sensible
reheat generated by the DX dehumidification process.
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Figure 22. Hourly-averaged DX cooling coil electricity rates for thermal zones on the middle
floor of the prototype building for LFAR=1.0 with indoor living walls placed 0.5 m from the
windows in LA.

6.2.2 Cooling electricity savings

In addition to the analysis of direct system cooling rate reduction as discussed in section
6, the impacts of indoor living walls on cooling electricity use on the design day were evaluated
for different scenarios.

Cooling electricity savings from the benefits of living walls were compared for scenarios
with different LFARs in LA on the design day. Total electricity use for the middle floor includes
the fan, DX cooling, and DX dehumidifiers. In this study, the cooling electricity savings for each
perimeter zone were obtained based on the steps as follows. First, the cooling electricity use of
the middle floor system was allocated for each thermal zones as zone-level cooling electricity
use based on the proportion of cooling loads among the five thermal zones including the core
zone and the four perimeter zones for both baseline models and models with living walls and DX
dehumidification. Second, the absolute electricity savings were calculated as the difference of
cooling electricity use of the perimeter zone between baseline and the scenario with living walls
subtracted by the extra electricity use of the DX dehumidifier for each perimeter zone. Third, the
percentage savings of cooling electricity use for each perimeter zone were calculated as the
absolute electricity savings divided by the electricity use of each perimeter zone in the baseline.
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Table 2. Percentage of savings in cooling electricity use when indoor living walls were placed
0.5 m from windows on the design day in LA.

LFA 0.3 0.5 0.8 1 1.5 2 2.5 3
Orientation

S 9.0% 14.4% 21.0% 24.3% 25.1% 23.1% 19.1% 14.3%
E 10.0% 14.4% 12.6% 10.5% 3.4% 2.6% 5.4% 5.8%
N 0.4% 0.4% -0.2% -0.5% -2.3% -1.6% -0.6% 0.4%
W 10.3% 14.5% 14.3% 13.2% 5.5% 2.0% 0.5% -0.1%

With the increase of living wall areas, although the cooling rates were continuously
reduced (Figure 19), the periods of high relative humidity were also increased (Table 1).
Therefore. DX dehumidification devices were added to the perimeter zones to control space
relative humidity. Table 2 showed the percentage of savings in cooling electricity use for each
perimeter zone for the living wall scenarios with different LFARs. With the consideration of
extra electricity use from DX dehumidification devices, the maximum cooling electricity savings
in LA are 25.1% (16.2 kWh, 0.052 kWh/m? of living wall/zone) when LFAR=1.5 for the south
perimeter zone, 14.4% (6.8 kWh, 0.103 kWh/m? of living wall/zone) when LFAR=0.5 for the
east perimeter zone, 0.3% (0.2 kWh, 0.004 kWh/m? of living wall/zone) when LFAR=0.3 for the
north perimeter zone, and 14.5% (6.8 kWh, 0.104 kWh/m? of living wall/zone) when LFAR=0.5
for west perimeter zone on the design day.

Table 3. Percentage of time when space relative humidity was higher than 85% when indoor
living walls were placed 0.5 m from windows on the design day in LA.

Orient;;ilz)AR 0.3 0.5 0.8 1 1.5 2 2.5 3

S 0.0% 0.0% 0.0% 0.2% 3.5% 8.2% 11.5% 14.6%
E 0.0% 0.0% 0.9% 3.0% 3.3% 7.8% 10.3% 10.4%
N 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
\W4 0.0% 0.0% 2.4% 3.3% 2.6% 10.5% 14.0% 14.2%

Table 3 showed the percentage of time when space relative humidity exceeds 85%. In
comparison with Table 1, the periods with high relative humidity were substantially reduced.
However, there were still periods when relative humidity exceeds 85% due to the excess amount
of moisture added to the space from living walls. If we consider both cooling electricity savings
and periods with high relative humidity, we would recommend LFAR=1 with 24.3% of cooling
electricity savings (15.6 kWh, 0.075 kWh/m? of living wall/zone) for the south perimeter zone
instead of LFAR=1.5 based on the design day simulation.

7. Conclusion

Indoor living walls become increasingly used in building designs and remodeling from
aesthetic and well-being perspectives. Currently, indoor greenery systems and building systems
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are disconnected in their design stages. The cooling effects of indoor living walls have not been
considered or quantified. This study represents the first in developing a modeling method for
quantifying the impacts of indoor greenery systems on building cooling energy consumption.

A GMR ET model was developed based on measurement data from the portable
photosynthesis system LI-6400XT. An indoor living wall model quantifying sensible and latent
loads from the ET process was developed in python. Real-time data exchange between the
indoor living wall model and an EnergyPlus model for every timestep was achieved through one
of the advanced features Python plugin of EnergyPlus. The proposed modeling approach only
simulated the ET effect from indoor living walls on thermal zone energy balance. Considering
the effects of convection and radiation between plant surface and zone air could further improve
the accuracy of evaluating indoor living walls’ cooling effects.

To obtain noticeable cooling effects, indoor living walls should be placed close to the
exterior window of perimeter zones. When LFAR 1is 1.0 with living walls placed 0.5 m from the
exterior window, the cooling rate reduction was 27.4% (34.5 kWh, 0.166 kWh /m? of living
wall/zone) for the south perimeter zone, 25.5% (23.5 kWh, 0.179 kWh /m? of living wall/zone)
for the west perimeter zone, and 22.2% (20.3 kWh, 0.155 kWh /m? of living wall/zone) for the
east perimeter zone in LA on the design day. When LFAR was increased to 3.0, up to 41.2%,
36.4%, and 35.1% of the cooling rate can be reduced for the south, west, and east perimeter
zones in LA, respectively. However, extended hours of high space humidity with high LFAR
compromise thermal comfort, and dehumidification requirements reduce cooling energy savings.

DX dehumidification devices were added to the models with living walls to control the
humidity of perimeter zones. The cooling rate reduction from indoor living walls would be
compromised. Savings of cooling electricity use from indoor living walls with the consideration
of energy penalty from DX dehumidification were further predicted from EnergyPlus
simulations on the cooling design day. For different orientations, the design leaf area ratios
should be different. The recommended LFARs are 1.0 for the south perimeter zone with 24.3%
cooling electricity use reduction (15.6 kWh, 0.075 kWh/m? of living wall/zone), 0.5 for the east
perimeter zone with 14.4 % cooling electricity use reduction (6.8 kWh, 0.103 kWh/m? of living
wall/zone), 0.3 for the north perimeter zone with 0.3% cooling electricity use reduction (0.2
kWh, 0.004 kWh/m? of living wall/zone), and 0.5 for the west perimeter zone with 14.5%
cooling electricity use reduction (6.8 kWh, 0.104 kWh/m? of living wall/zone) in LA.

In this study, only the plant type Epipremnum aureum was measured for ET performance.
Other types of plants should also be measured to create a database of different plants for a
generalized ET model. EnergyPlus daylighting reference points were used to determine the
radiation incident on the leaves. Although the radiation varied each time step based on solar
radiation, solar angles, and cloud conditions, it was assumed to be the same for all leaves of the
indoor living wall system. A further experimental study should be carried out to develop a
method for quantifying radiation on shaded leaves and the effect of different incident angles. In
addition, the cooling effects of indoor living walls were evaluated for three climates based on a
summer design day. In future studies, annual energy simulations will be conducted to
comprehensively consider the effects of indoor living walls at different seasons across different
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climates. The opportunity of combining mixed-mode ventilation with indoor living walls to
reduce issues of high relative humidity and achieve better energy efficiency should also be
explored.
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