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This study provides a life cycle assessment (LCA) of a sustainably designed office building to be built
in Thailand. The building has a gross floor area of 6300 m? and a lifetime of 50 years. An analysis of
four different energy supply scenarios was performed to evaluate methods for reducing grid electricity
demand with the goal of optimizing renewable energy usage and minimizing environmental impacts.
The scenarios included: (1) the conventional, grid-dependent building, followed by (2) the addition of a
rooftop photovoltaic (PV) system, (3) a PV system with lithium-ion battery storage, and (4) a PV system
with an ice storage system. Scenarios 3 and 4 were included in this study as 16% of the electricity from
PV was overproduced during the weekends when the building was unoccupied. The results show that
scenarios 2, 3, and 4 reduced operational grid consumption by 33%, 37.8%, and 37.9% but increased metal
depletion potential by 23.9%, 34.4%, and 29.0%, respectively. Ice storage led to the greatest reduction in
lifetime environmental impacts. Efficient production and utilization of renewable energy in buildings is
vital to reducing nonrenewable fuel dependence; however, it is necessary to minimize metal depletion in
the implementation of such technologies.
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1. Introduction

Faced with the finite nature of the planet’s nonrenewable en-
ergy supply, Thailand’s Ministry of Energy has implemented the Al-
ternative Energy Development Plan to curb the environmental im-
pacts from the country’s growing energy consumption. The energy
goals include reducing greenhouse gas emissions by 25%, increas-
ing renewable energy dependence to 30%, and diversifying Thai-
land’s grid mix overall [1]. To reach these energy savings goals,
Thailand must look to its commercial business sector, which com-
prised an average of 21.2% of national annual energy consumption
over the period 2002-2017 [39]. The environmental burdens of ex-
isting and future commercial buildings can be reduced by imple-
menting energy efficient improvements such as sustainable design
or renewable energy integration. Tropical regions with year-round
sunlight such as Thailand have the potential to replace grid de-
mand with solar energy [4]. Bangkok, Thailand experiences a daily
average irradiation of 19 MJ/m? and the potential for solar energy
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is relatively high [4]. However, many renewable energy sources
share the problem of intermittency, or irregularity in availability,
which can lead to the failure to take full advantage of available
energy without storage. Many countries circumvent this problem
with a feed-in tariff which offers financial incentives for selling
overproduced renewable energy to the grid, encouraging renew-
able energy reliance [27]. However, Thailand has no publicly ac-
cessible net energy metering or residential feed-in tariff, and as a
result excess renewable energy goes unused [39]. Energy storage
can potentially solve the problem of intermittency by making ex-
cess renewable energy usable.

As previous life cycle assessment (LCA) studies exist regarding
either the benefits of sustainable design in commercial buildings
or the practicality of rooftop photovoltaic (PV) to curb grid de-
mand and decrease environmental impacts, only studies regarding
residential housing or industrial buildings have sought to combine
the two principles in a comparative LCA [4,9,13,40]. Similarly, in-
dependent LCA studies exist focusing on energy storage for renew-
able energy in the form of Li-ion batteries or ice storage, yet none
present a comparison between the two storage technologies nor
are they in the context of a sustainably designed commercial office
building [11,13,14].
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Nomenclature

AP acidification potential
EPD equipment power density
HT human toxicity

LED light-emitting diode
LPD lighting power density

NLT natural land transformation

PE primary energy

PV photovoltaic

EP eutrophication potential

GWP global warming potential

HVAC  heating, ventilation, and air conditioning
LCA life cycle assessment

MD metal depletion

oDP ozone depletion potential

POCP photochemical ozone creation potential

WD water depletion

This study presents an analysis of multiple energy supply sce-
narios in the context of a sustainably designed office building in
order to compare and optimize grid demand reduction methods.
Given the baseline case of a typical commercial office building
in Thailand with full grid electricity dependence, the scenarios
considered include the conventional, grid-dependent building, the
building with the installation of an on-site PV system, and the sep-
arate addition of two energy storage systems to the solar power
system. The objective of this study is to identify and quantify the
lifetime environmental impacts and offsets of a commercial office
building as a result of implementing sustainable building design
and employing state-of-the-art energy supply methods.

2. Methodology
2.1. Goal

The purpose of this study is to compare the environmental im-
pacts, offsets, and energy savings resulting from multiple energy
supply scenarios of a sustainable office building planned for con-
struction in Bangkok, Thailand. This study will be used to (1) high-
light key features of the base case building which contribute to
its lower energy intensity compared to typical existing buildings
in Thailand, and (2) determine the potential environmental impact
offsets and energy savings of the building over its 50-year life-
time when different energy supply scenarios are employed. The
results of this study are relevant to office buildings in climates
with solar irradiation levels similar to Thailand, 18-22 MJ/m?2, of-
fice buildings equipped with PV panels, and regions lacking a feed-
in tariff or net metering policy. This study is not intended for of-
fice buildings with energy demand patterns substantially deviating
from that of the base case building, such as residential buildings or
buildings located outside of a tropical climate. The results will in-
form energy consultants, architects, designers, policy makers, and
businesses of key design aspects which influence the building’s en-
ergy efficiency and overall environmental impact. The data used
are generally from the best technology known. The results of this
study are specific to geographical regions with climates similar to
Thailand for a period of approximately 10 years.

2.2. Commercial office building case study
The case study building is a six-story sustainable office building

to be built in Bangkok, Thailand (Fig. 1). The building will have a
total gross floor area of approximately 6300 m?2, of which 4790 m?2
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Fig. 1. Perspective drawing of the building provided by architect.

will be air conditioned. The building’s energy will be supplied
by the public electricity grid. Additional parameters of the build-
ing are listed in Table 1 below. The intention of sustainable de-
sign is to eliminate environmental impacts through thoughtful de-
sign choices that reduce water and electricity consumption. Com-
monly, sustainable design manifests in the use of low impact mate-
rials, energy efficient products, renewable energy sources, and en-
ergy efficient design which have a combined effect to reduce the
product’s impact throughout its lifetime [24]. This building em-
ploys sustainable design to reduce energy demand from cooling
and lighting, which typically accounts for 70% of a building’s op-
erational energy demand [32].

To reduce cooling demand, natural ventilation measures,
double-glazed windows, and external facades were implemented.
To cool 20% of the building via natural ventilation some measures
include: louver windows, windows with horizontal slats designed
to allow air to flow in and out while blocking rain, and large ceiling
fans which facilitate air circulation throughout the atriums. Reduc-
ing heat transmission through windows is two-fold. The windows
themselves are double-glazed (lower heat transfer value) and ex-
ternal facades shade the glass paneling on the east and west faces
of the building. The west face has a Polytetrafluoroethylene (PTFE)-
coated tensile fabric facade which deflects heat, disperses sunlight
for a natural atmosphere in the building, and cools air for natu-
ral ventilation. The east wall facade is a green wall which provides
shading, radiant cooling, and a green atmosphere by incorporating
plants into the structure to improve occupant comfort [17,23].

Reduced lighting demand can be attributed to extensive natural
lighting measures and minimal electrical lighting infrastructure. In
addition to glass paneling which allows direct sunlight to enter the
building, solar tubes, a variant of skylights, redirect daylight to ar-
eas with insufficient natural lighting. To meet the lighting demand,

Table 1
Base case building characteristics.

Parameter Characteristics

Office floors Six above ground, one basement
Service life 50 years

Gross floor area  ~6300 m?

Floor Cast-in-place and reinforced concrete

Floor finishes Concrete screed, polished concrete

Ceiling 3.2m height, suspended, gypsum plasterboard
Structure Reinforced concrete

Envelope Concrete brick, curtain wall, exterior textile facade
Foundation Concrete slab

Walls (interior) Concrete brick, curtain wall, gypsum plasterboard
Roof Flat concrete
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Table 2
Scenario descriptions.

Scenario 1/Base case  Sustainable office building, unmodified

Scenario 2 Office building with PV
Scenario 3 Office building with PV and Li-ion battery
Scenario 4 Office building with PV and ice storage

highly efficient local area network-connected light-emitting diode
(LED) lights, which achieve illumination requirements while main-
taining low energy consumption, were employed [26]. Although
the building itself is more energy efficient and sustainable than
a typical office building in Thailand, further improvements can be
made to the building’s operational phase to further reduce grid en-
ergy reliance [20]. The following section presents scenarios which
transition the building’s energy supply towards renewables.

2.3. Energy supply scenarios

The four energy supply scenarios to be compared are listed in
Table 2.

Scenario 1, referred to as the “base case” sustainable office
building described in the case study above, represents the building
with no renewable energy production or storage technologies. The
electricity demand of the building is met with the Thai electricity
grid.

Scenario 2 considers the base case office building with the ad-
dition of 724 m? (327 panels) of 330W-capacity multicrystalline
PV rooftop panels with an average lifetime efficiency of 15% ac-
counting for 1% annual degradation, a typical rate for PV cells [15].
Each panel is mounted and fixed with a set of 4 25000W-rated in-
verters. For 6 h each day, the solar panels produce renewable en-
ergy which is immediately consumed during the building’s oper-
ational hours. Due to the building’s expected operation schedule,
the building’s energy demand decreases on the weekends and ap-
proximately 590 kWh of solar energy is overproduced each week-
end.

Scenario 3 builds upon Scenario 2 with the addition of a Li-ion
battery with 100% charge efficiency and 90% discharge efficiency.
The battery has a capacity of 370 kWh and contains a LiFePO, cath-
ode. A Li-ion battery was studied as this technology represents the
future of battery storage due to its modernized cathode and an-
ode materials, increasing efficiency, dropping Li-ion battery prices,
greater specific energy, and longer lifetime as compared to a typi-
cal lead acid battery [6,18].

Similarly, Scenario 4 builds upon Scenario 2 with the utilization
of thermal energy storage (TES) in the form of external melt ice-
on-coil ice storage with a system efficiency of 90%. This system in-
tegrates with the building’s existing chiller and uses overproduced
solar energy to cool refrigerant and store energy in the form of ice.
When cooling is needed, melted ice runs through the structure’s
fan coil units to provide cooling. This system was included in this
study as it is a proven energy-conservation technology due to its
high rated efficiency, environmentally benign impacts during oper-
ation, and easy integration into a building’s existing chiller [30].

2.4. Scope

The system studied is a cradle-to-grave assessment and in-
cludes the entire life cycle of the commercial building, including
manufacturing of building materials, construction, operation, main-
tenance, demolition and end of life (Fig. 2). Transportation for each
life cycle stage is included as built-in transportation distances, en-
ergy consumption values, and environmental impact values based
on the availability of the data in existing databases. The struc-
ture, envelope, lighting, and HVAC system are assessed within this
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study. Excluded from this study are operational water use, indoor
air quality issues during the operational phase, and kitchen and
sanitary fittings. Inputs consist of raw materials, electricity from
the Thai grid, and diesel fuel while outputs include emissions to
air, water, and soil. Both inputs and outputs contribute to a range
of environmental issues. Inventory data originated from the Ecoin-
vent 3 software database, accessed through SimaPro 8 LCA soft-
ware [29]. Manufacturing and assembly of the building, PV, and
all parts of each storage technology were calculated manually in
SimaPro based on market manufacturing and infrastructure data
specific to Thailand when available, and global data otherwise, as
global data represents averaged values for material manufacture,
transportation, and end of life. Manufacture, construction, replace-
ment, and end of life impacts associated with PV and each stor-
age technology were summed with the base case office building
to produce the operational module of each corresponding scenario.
Materials for all scenarios were assumed to be manufactured, con-
structed, used, demolished, and disposed of in Thailand. The func-
tional unit is defined as 6300 m? gross floor space of a commercial
office building, of which 4790 m? will be cooled through central
heating, ventilation, and air conditioning (HVAC), over a 50-year
period.

The ReCiPe Hierarchist midpoint method, a comprehensive LCA
methodology that combines Eco-indicator 99’ and CML 2002 with
up-to-date impact categories, was used for life cycle impact as-
sessment including the following impact categories: global warm-
ing potential (GWP), ozone depletion potential (ODP), acidification
potential (AP), eutrophication potential (EP), photochemical ozone
creation potential (POCP), natural land transformation (NLT), water
depletion (WD), human toxicity (HT), and metal depletion (MD).
An analysis of primary energy (PE) was also included within this
study [12]. The impacts for analysis were selected based on their
relevance to the environmental concerns associated with grid en-
ergy usage and manufacturing processes. The ReCiPe Hierarchist
method of analysis is utilized as it is capable of calculating impacts
for both regional and global scales, it provides a balance between
individualist and egalitarian weighting perspectives, and it is used
in modern building LCA studies [7,40].

2.5. Manufacturing

Base Case: The manufacturing phase of the building includes en-
vironmental impacts associated with building materials as well as
energy used for the construction of the building. As the building
is still in the design phase, a partial Bill of Materials was provided
by the architectural design company to serve as a basis for the fi-
nal building inventory. Literature values were used for the inven-
tories of the HVAC system and elevator, while the fan inventory
originated from the manufacturer [3,10,33]. Impacts for the facade
originated from literature [28,37].

Energy Supply Scenarios: Inventory for the solar panels
(Table A1) and the Li-ion battery (Table A.2) were derived from
literature and assumed virgin production of all input materials
[21,44]. Material inventory of the solar panels was based on the
specification of 327 PV panels (2m? surface area per panel) with
a maximum power of 330W and included mounters and invert-
ers. To store an average of 590 kWhy, of excess electrical energy
each weekend, it was determined the battery would need to charge
a maximum of 295kWh of energy per day on both Saturday and
Sunday, and discharge at 90% efficiency a net 265 kWh per day of
use. To size the battery, a typical maximum depth of discharge
of 80% and average specific energy of 110Wh/kg were used to
calculate the total capacity (370kWh) and weight of the battery
[6,31,36,41,42,44]. Ice storage inventory was provided by a manu-
facturer in Thailand (Table A.3). In order to house 590 kWh of ther-
mal energy, 25 m3 of ice storage was used as the basis for the siz-
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Fig. 2. System boundaries diagram.

ing of the storage tanks. The embodied energy of manufacture and
assembly of the components in terms of kWh as well as the pri-
mary energy in the replacement phase and end-of-life are shown
in Table A4.

2.6. Construction

The building construction encompasses the grid electricity,
diesel fuel, and associated combustion emissions from machin-
ery required to construct the building. Energy is needed for light-
ing, power tools, and construction machinery for site prepara-
tion, structural and envelope installation, mechanical and electrical
equipment installation, and interior finishing [34]. As the building
is still in the design phase, the primary energy intensity for the
construction of the building was determined using an approxima-
tion from a previous study in which the energy was determined
to be 5% of the total embodied energy of manufacturing materi-
als, allocated equally between electricity and diesel fuel [34]. This
approximation has been employed in similar LCA studies [19,40].

2.7. Building operation

The activities in the use phase simulation included cooling and
ventilating the building, as well as lighting and office equipment
operation. From the anticipated weekly usage pattern of the office
building (Table 3), the operational energy consumption was simu-
lated through the Transient System Simulation Tool (TRNSYS) de-
veloped by the University of Madison Wisconsin [[38] Transient
Systems Simulation Program, 2017]. Since operational energy use
by custodial service on weekends is both negligible in comparison

Table 3
Base case building operation schedule.

Time Frame Demand (kW)
Cooling  Lighting  Plug
Weekday
Operation: 9:00-18:00 30-90 24 58
Non-operation: 1:00-9:00 and 18:00-24:00 0 0 24
Weekend
Non-operation 0 0 24
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to the building’s scheduled operational periods during weekdays
and difficult to quantify, this study adopted the approach of simi-
lar LCA studies of office buildings in which energy consumption of
the building during the weekends for lighting and HVAC was not
taken into consideration [19,20,35,43].

The simulations were generated based on the following as-
sumptions during weekday operational hours: occupancy rate of
0.04 persons per m2, set temperature range of 25 - 27°C [2],
and a chiller coefficient of performance of 3.5. Artificial weather
data for Bangkok was created from an approximation of Bangkok’s
weather patterns and sunlight irradiation over the last 20 years us-
ing United States Department of Energy weather database. TRNSYS
simulations were conducted for a time span of one year (8760 h)
and used to calculate the building’s hourly electricity demand
measured in kWh. Impact data for 1kWh Thai grid mix are pre-
sented in Table A.5.

Base Case: all electricity demands were supplied by Thailand’s
electricity grid.

Energy Supply Scenarios: In Scenario 2, the building is supplied
with both electricity from the grid, and electricity produced from
the solar panels during the building’s operation. In Scenarios 3 and
4, energy demand is fulfilled from the Thai grid, the direct electric-
ity from solar panels, and energy stored in the form of electricity
for the battery or energy stored thermally in the form of ice for the
ice storage system. Reductions to grid demand due to replacement
by renewable energy production or storage is considered an offset
to the environmental impacts originating from the operational use
phase in each scenario.

2.8. Maintenance and replacements

Base Case: Emissions from the maintenance stage were com-
puted based on the expected material lifetimes provided by the
architectural design company (Table A.5) and followed similar pro-
cedure as that used for the manufacturing of building materials.
The impacts associated with replacement end of life, including dis-
posal and transportation, were included within this phase of the
building.

Energy Supply Scenarios: The PV cells have a replacement time
of 25 years, the Li-ion battery has a lifetime of approximately 13
years, and the ice storage system has a lifetime of 15 years result-
ing in 1, 3, and 2 replacements during the building’s 50-year life

5/3/19 18:45
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span, respectively [8]. All renewable energy supply scenarios as- 250
sume no expected maintenance.
= 200
2.9. End of life - demolition and disposal 5‘
g
The final phase of the building’s life encompasses the build- £ 150
ing demolition and the disposal of materials. To determine the S
impacts associated with the demolition and deconstruction of the 5 100
o
building, the impacts associated with the production and combus- 8
tion of diesel fuel used to power heavy machinery were calculated &
by adopting a literature value of 51.5M]J/m? used in similar LCAs :5' 50
[19,40].
Base Case: For this study, all steel, aluminum, and polyethylene 0

piping were assumed to undergo recycling as waste disposal, and
impacts and offsets associated with such processes were extracted
from the database. The remaining building materials were assumed
to be landfilled at the end of life, aligning with the waste treat-
ment results of similar studies [22,34].

Energy Supply Scenarios: End of life for the solar panels assumed
recycling for the frame, composed of aluminum and plastic, and
landfilling for the remaining components. End of life for the bat-
tery assumed landfilling for all materials as Li-ion battery recy-
cling facilities do not exist in Thailand and lithium iron phosphate
cathode recycling is not yet commercially available [16]. For the
ice storage system, steel and polyethylene piping were assumed to
be recycled, the insulating foam to be landfilled, water undergoing
wastewater treatment, and ethylene glycol undergoing hazardous
waste treatment for spent antifreeze.

3. Results and discussion
3.1. Base case office building

3.1.1. Life cycle impacts by building phase

Impacts originated predominantly from the use phase of the
unmodified office building in several categories, including GWP,
AP, POCP, NLT, and PE (Fig. 3). The results of the previously men-
tioned categories align with similar studies [19,32]. The use phase
contribution to these categories is 85.4%, 69.7%, 82.3%, 89.8%, and
68.6%, respectively. The non-use phases (the combined impacts of
manufacturing, construction, replacement, and end of life) con-
tributed primarily to the impact categories of ODP, EP, WD, HT,

Base Case Thai Standard Typical Office

Building in Thailand

Fig. 4. Annual energy consumption per floor area.

and MD, comprising over 96% of each of these categories. Non-use
phase impacts originate primarily from manufacture and replace-
ment phases; in each impact category, there is a marginal offset
to the overall impact resulting from end of life recycling processes.
Minimizing use phase impacts in the alternate energy supply sce-
narios therefore has the potential to be substantially beneficial in
five of the ten of the analyzed environmental impact categories
and marginally beneficial to the remaining categories.

3.1.2. Operational phase energy analysis

Operational energy demand of this building was compared to
others based on the building energy index. Fig. 4 illustrates the
literature value for the energy index of a typical office building in
Thailand, found to be 238.7 kWh/m?2/yr [20].

The Thai Standard for electricity consumption in designated
buildings (DBs), Thai buildings audited on the basis of energy use,
was found to be 146.4kWh/m2/yr [5]. The building in this study
was found to have an energy index of 99.8 kWh/m2/yr, less than
half that of the typical office building and roughly 68% of the Thai
Standard value. Simulations were used to examine energy demand
and usage patterns in the building and identify causes of its low
energy index. Results are shown in Table 4; values for the Thai
Standard originate from the Thailand New Building Energy Code
for DBs [5].

100%
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Fig. 3. Impact contribution of each life cycle phase of the base case office building.
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Table 4
Energy index comparison of base case and Thai Standard office building.

Parameter (W/m?) Thai standard  Base case building

Overall Thermal Transfer Value (OTTV) 50 3313
Roof Thermal Transfer Value (RTTV) 15 3.23
Lighting Power Density (LPD) 14 105

OTTV and RTTV are a measure of energy consumption of a
building’s envelope and rooftop, respectively, and thus the below-
standard values for OTTV and RTTV in this building indicate it
is designed to efficiently avoid excess heat absorption and sub-
sequently has a lower HVAC demand. The LPD value is a stan-
dard for the mechanical illumination of the building, and the low
LPD value of the base case building can be attributed to its natu-
ral lighting design incorporation. Equipment Power Density (EPD)
includes office equipment, elevator operation, and other electrical
usage in the building. The allocation of energy consumption by
LPD (lighting) demand, EPD (office equipment) demand, and HVAC
(air conditioning) demand are further broken down in Fig. 5. The
daily usage period was based on the building’s intended opera-
tional schedule (10 h per day, 5 days a week). Air conditioning rep-
resents a majority of the building’s electricity demand, followed by
equipment.

This distribution of the operational energy demand differs from
that of another comprehensive study which details the typical en-
ergy distribution of eight separate countries; the typical percentage

https://reader.elsevier.com/reader/sd/pii/{S0378778818329840...4AEEBFF86E1DF735A2D24567F00E15BDC35DF9757CBDA592C47F0537DA

of air conditioning demand is closer to 55%, followed by lighting
demand [32]. Air conditioning and lighting both occupy a below-
average fraction of the total energy usage compared to building
standards, and all categories have a lower power density than Thai
Standard values, due to environmentally conscious components of
the building design leading to its lower overall energy index even
in a fully grid-dependent scenario.

3.1.3. Impacts from material manufacturing

Life cycle impacts tend to be dominated by the use phase,
which diminishes the importance of the manufacturing phase;
however, as energy efficiency improves and nonrenewable energy
is phased out, the manufacturing phase will grow to be the largest
contributor to many impact categories. For this reason, a break-
down of the material manufacturing phase of the building un-
equipped with PV or energy storage was evaluated. Fig. 6 shows
the manufacturing phase impact contributions, representing the
unmodified building’s structurally embodied environmental bur-
dens.

The listed materials constitute 80% of each impact category,
while the ‘Other’ category accounts for 11 additional materials
which constitute less than 20% of any impact category. Other ma-
terials include: concrete screed, insulation, aluminum, glazing, fin-
ishes, timber, gypsum, bricks, lights, iron, and plastic. Concrete
comprises 92% of the building’s total mass and contributes the ma-
jority of manufacturing phase impacts in six of the ten impact cat-
egories analyzed. The PTFE facade is the single largest contributor
to ODP. Although it comprises only 0.01% of the building’s total

5/3/19 18:45
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Fig. 7. Composition of operation energy supply.

mass, the facade comprises 98% of the entire ODP impact category
for the manufacturing phase. This is due to the facade’s high im-
pact intensity coating material, PTFE, which contributes not only
99.99% of the impacts of the facade itself, but 94% of the ozone
depletion category for the manufacturing phase. Copper, found in
the elevator and HVAC system, accounts for 0.04% of the building’s
mass, but constitutes a majority of the manufacturing phase EP, HT,
and MD; 36%, 44%, and 45%, respectively. Electronic components
constitute only 0.001% of the building’s mass; however, its impacts
constitute 34% of manufacturing EP, 28% of manufacturing HT, and
12% of manufacturing MD. The environmental burdens from cop-
per and electronics can be attributed to upstream processes such
as mining, concentration, purification, and refining of mined met-
als [25].

3.2. Office building with rooftop PV system

3.2.1. Energy supply

Fig. 7 depicts the energy grid supply composition in Scenarios
1 and 2. Due to the solar power provided by the rooftop PV sys-
tem in Scenario 2, annual energy consumption from the grid was
reduced from 478.2 MWh to 320.3 MWh. The offset of 157.9 MWh
is equivalent to 33% of the building’s use phase energy; however,

the actual production of the rooftop PV system was 188.6 MWh.
16% of total solar energy generated, 30.7 MWh, was produced dur-
ing non-operational building hours and thus went unused. The so-
lar power production had the potential to meet up to 40% of the
building’s energy demand if used in entirety. The offset of environ-
mental burdens resulting from the 33% grid electricity reduction
were subtracted from the use phase impacts in Scenario 2, and the
resulting net lifetime impacts, including all non-use phase PV im-
pacts.

Fig. 8 exhibits the impact changes associated with the addi-
tion of PV cells throughout the building’s lifetime relative to the
base case scenario of the building LCA. Accounting for both non-
use phase impacts and use phase offsets, Scenario 2 reduced the
building’s net total energy consumption by 21%. Similar reduc-
tion trends were observed in the following impact categories: GWP
(28%), AP (20%), POCP (26%), and NLT (29%). Scenario 2 resulted in
a net increase in EP, WD, and HT by 6%, 4%, and 5%, respectively.
A substantial increase of 24% for MD was observed. This dramatic
increase can be attributed to the large embodied metal depletion
values of the following metals within the PV system: Aluminum
(2.0kg Fe-eq/kg), Silver (1477 kg Fe-eq/kg), Copper (50.52kg Fe-
eq/kg), Tin (1513 kg Fe-eq/kg), and Lead (1.72 kg Fe-eq/kg).

3.3. Office building with PV system and energy storage system

Results for the breakdown of energy supply to the building in
Scenarios 1-4, seen in Fig. 9, show that the addition of energy stor-
age in Scenarios 3 and 4 offset approximately 7% of the electric-
ity supplied by the grid; the Li-ion battery and ice storage sys-
tem supplied an additional 22,931 kWh and 23,422 kWh respec-
tively, equating to a 0.15% larger grid offset annually by ice storage.
The closeness of these results was expected, as both storage tech-
nologies operated at the same efficiency, and both were sized to
hold 590kWh of energy per weekend, the average amount of PV
overproduction. The 0.15% difference in grid reduction potential is
marginal and thus it is assumed that the impact reductions result-
ing from the operational phase of the building are effectively the
same. Therefore, the differences in the percent change of each im-
pact category between Scenarios 3 and 4 in the context of Scenario
2 (building with PV) as seen below are a consequence of the en-
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Fig. 8. Normalized impacts of Scenario 2 to Scenario 1.
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Fig. 10. Comparison of percent reductions to the building from energy storage.

vironmental burdens associated with the non-use phases of each
storage technology.

Fig. 10 shows the percent impacts accrued by Scenario 2 when
either Li-ion battery (Scenario 3) or the ice storage system (Sce-
nario 4) are added to the building. Positive percent changes in-
dicate increased impact burdens, while negative percent changes
indicate impact reductions. The simulated results as well as the
non-use phase impacts, consisting of each storage system’s mate-
rial manufacturing, the total lifetime replacements, and the end of
life treatment, demonstrate that Scenario 4 outperforms Scenario
3 in all impact categories, including lifetime primary energy de-
mand. The non-use impacts for Scenario 3 are primarily a result of
the production of the battery’s electronics including copper, man-
ufacturing of the LiFePO,4 cathode, and landfilling of the battery. In
Scenario 4, the combined impacts of the production and waste pro-
cess of ethylene glycol account for 62-82% of the impacts across all

https://reader.elsevier.com/reader/sd/pii/{S0378778818329840...4AEEBFF86E1DF735A2D24567F00E15BDC35DF9757CBDA592C47F0537DA

impact categories, while impacts from the production of steel con-
tribute 20-42% across all impact categories, excluding water deple-
tion.

For impact categories concerning GWP, ODP, POCP, NLT, and
WD, Scenarios 3 and 4 had similar lifetime impact reductions. The
greatest differences were seen in the remaining five impact cate-
gories. For AP, Scenario 4 reduced the building’s burdens 2.1% more
than Scenario 3 due to fewer non-use phase inputs. In terms of EP
and HT, Scenario 3 increased the building’s impacts by 3.8% and 3%,
respectively, while Scenario 4 increased impacts by only 0.4% and
0.1%, respectively. This drastic increase in impacts for Scenario 3 is
due to the quantity and highly impact-intensive materials needed
for the Li-ion battery.

Metal depletion differed the most between the two storage sce-
narios; Scenario 3 increased burdens by 4.4% more than Scenario
4, which can be attributed to characteristics of ice storage such
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Fig. 11. Summary of impacts from Scenarios 2-4 normalized to Scenario 1.

as fewer replacements, lower total metal mass, less impact inten-
sive materials, and end of life recycling. Due to the different life-
times of the energy storage technologies, 13 years for Li-ion bat-
tery and 15 years for ice storage, the Li-ion battery incurs an addi-
tional replacement over the building’s 50-year lifetime which leads
to greater non-use phase impacts. In terms of total metal mass per
technology, the Li-ion battery requires almost 5000 kgs more metal
than the ice storage system throughout the building’s lifetime. Ad-
ditionally, the Li-ion battery requires four impact-intensive mate-
rials (Copper: 50.52 kg Fe-eq/kg; Aluminum:1.45 kg Fe-eq/kg; Elec-
tronics:32.44 kg Fe-eq/kg; and LiFePO4:0.71kg Fe-eq/kg), whereas
the ice storage system requires only one (Stainless steel: 9.03 kg
Fe-eq/kg). When assessing end of life treatment, the stainless steel
used in the ice storage system is recycled, whereas the Li-ion bat-
tery assumes landfilling for all materials; this results in additional
impact offsets in the non-use phase for the ice storage system [44].

Overall, the results consistently showed lifetime environmental
advantages to implementing renewable energy usage as an alter-
native to full grid dependence (Fig. 11). Use phase impacts were
initially substantially offset by the installation of solar power, and
both storage scenarios subsequently affected the offsets in each
category by an additional amount varying from —9% to +6%. It
is important to note that Scenarios 2-4 drastically increased the
building’s metal depletion impacts as these technologies were pri-
marily composed of a variety of metals.

4. Conclusions and recommendations

This study sought to minimize lifetime environmental burdens
in a sustainably designed office building through alternative energy
supply scenarios reducing grid electricity consumption in favor of
renewable energy. Each of the energy supply scenarios was ana-
lyzed for its ability to reduce grid demand and minimize lifetime
environmental impacts relative to the base case scenario. The ice
storage system provided the greatest reductions to building life-
time impacts, reducing the primary energy demand of the building
by an additional 3.5% compared to the building with PV and no en-
ergy storage. Scenario 4 consistently outperformed both Scenario 2
and Scenario 3 in lifetime reductions to each impact category.

The baseline of the building began at an advantage due to de-
sign elements that reduced cooling and lighting demands in the
use phase, which reduced overall energy demand for studied en-
ergy supply methods. For a building lacking similar features, a

https://reader.elsevier.com/reader/sd/pii/{S0378778818329840...4AEEBFF86E1DF735A2D24567F00E15BDC35DF9757CBDA592C47F0537DA

larger capacity would be required from the grid or from any re-
newable energy utilizing technology; however, the trends of results
would be no different. Future studies could consider substituting
high impact materials like concrete and the PTFE facade for alter-
native materials when possible. Furthermore, impacts arising in the
use phase constituted a majority of four of the analyzed impact
categories as well as primary energy demand. Thus, reducing op-
erational impacts was determined to be the best approach to re-
ducing lifetime impacts. The optimization of solar power utiliza-
tion with the use of technologies that allow for the recapture of
excess energy production lead to a reduction in grid dependence;
however, a holistic perspective in the form of an LCIA was used in
order to more accurately represent the lifetime environmental ben-
efits of each storage technology as it also considered the burdens
embodied by the storage system itself, which were compensated
by the grid avoidance in some, but not all, impact categories.

Storage technology implementation may pragmatically depend
on a number of factors, including cost, a building’s requisite dis-
charge schedule and energy demand distribution, and the value of
marginal increased impact savings compared to the implementa-
tion of solar power without storage. From a purely environmental
standpoint, ice storage is ideal in this case study, but is limited in
application by actual building cooling demand in various climates.
The results of this study are therefore dependent on geographical
location and climate. Because ice storage can offset only thermal
demand and not electrical demand, only warm climates with year-
round cooling demand would find maximum benefit from this sys-
tem, and so for seasonal climates with seasonal cooling demand,
the Li-ion battery is better suited due to its capacity to meet any
form of electrical demand. As the results from this study are not
conclusive as to which storage option would be best to optimize
excess electricity from PV in non-tropical climates, it is recom-
mended that future LCAs comparing energy storage systems be
conducted to determine the extent of their benefits in different
building sectors as well as different environments. Similarly, it is
recommended that a comparative Life Cycle Cost analysis be per-
formed for the energy technologies in order to provide a more
holistic view for the application of these technologies.
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Appendix

A.1. Photovoltaic system inventory

Table A1
Photovoltaic system inventory.
Component Material % Weight ~ Weight (kg)
Glass Glass 76.22 6469
Encapsulant EVA 5.75 486
Backsheet PET 3.77 324
Frame Aluminum  7.82 659
Cells and Ribbons
Silicon 4.70 400
Silver 0.04 4
Copper 0.74 63
Tin 0.07 6
Lead 0.04 4
Sealant PIB, TPT 0.85 72
Inverter 61
Total 100 8548
A.2. Lithium ion battery inventory
Table A.2
Li-lon battery inventory.
Material % Weight ~ Weight (kg)
Cathode
LiFePO4 43.76 1472.46
Aluminum Foil 197 66.30
Carbon Black 2.80 94.21
Styrene Acrylate Latex 3.63 122.12
Electrolyte
Ethylene glycol dimethyl ether 16.29 547.81
Lithium Chloride 290 97.70
Separator
Polypropylene 093 31.40
Polyethylene 0.93 31.40
Electronics
Insulated gate bipolar transistor ~ 1.04 34.90
Resistor, auxiliaries and energy 1.04 34.90
Anode
Graphite 17.53 589.68
Carbon Black 0.52 1745
Copper 4.77 160.51
Styrene Butadiene Latex 0.62 20.94
Packaging of Cell
Polypropylene 0.52 1745
Aluminum foil 0.73 24.42
Module packaging and electronics
Polypropylene 336.36
Electronics 125.74
Totals 100 3825.74

https://reader.elsevier.com/reader/sd/pii/{S037877881832984...AAEEBFF86E1DF735A2D24567F00E15BDC35DF9757CBDA592C47F0537DA

A.3. Ice Storage inventory

Table A.3
Ice Storage inventory.
Component Material Amount
Inner storage Stainless steel 517 kg
Outer storage Stainless steel 326 kg
Insulation High-density PU foam 212 kg
Piping Polyethylene 120 kg
Phase changing liquid ~ Water 202 m?
Circulating liquid Water, 30% ethylene glycol — 1.92 m?
A.4. Non-Use Phase Energy Consumption in kWh
Table A4
Non-Use Phase Energy Consumption in kWh.
Phase PV System  Li-lon Battery  Ice Storage
Manufacture + Assembly 284,184 93,636 52,450
Replacements 338,560 228,426 142,378
End of life —54,605 20,567 19,287
A.5. Thailand electricity grid mix impacts for 1 kWh
Table A.5
Thailand electricity grid mix for 1kWh.
Impact Unit Amount
Climate change kg CO, eq 0.61872
Ozone depletion kg CFC-11 eq  0.00000
Terrestrial acidification kg SO, eq 0.00111
Freshwater eutrophication kg P eq 0.00155
Photochemical oxidant formation kg NMVOC 0.00155
Natural land transformation m? 0.00013
Water depletion m3 0.00011
Human toxicity kg 1,4-DBeq  0.00142
Metal depletion kg Fe eq 0.00062

A.6. Expected material lifetimes provided by the architecture
company

Material lifetimes included in supplementary PDF titled: “Mate-
rial Lifetimes”.

Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.enbuild.2019.02.038.
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