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Abstract

The operation of buildings alone represents 30-40% of the total energy use and associated greenhouse
gas emissions, globally. Efforts to reduce operational energy use have significantly driven energy
efficiency levels, reaching so-called ‘Net Zero Energy Buildings’. However, NZEBs do not consider the
increased embodied energy and greenhouse gas emissions of building materials which are needed to

achieve that performance.

The aim of this paper is to evaluate the feasibility of achieving net zero life cycle primary energy and
greenhouse gas emissions (NZLCPEGHG) buildings. We use a case study apartment building in
Sehaileh, Lebanon and conduct a life cycle cost, energy and greenhouse gas emissions analysis over
50 years of a business-as-usual building and its NZLCPEGHG counterpart. We rely on the systemically

complete hybrid analysis technique to quantify embodied energy and greenhouse gas emissions and
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conduct a broad sensitivity analysis. Life cycle costs are quantified using the net present value

technique.

Results show that a 6.5 kWp solar photovoltaic array, combined with solar hot water, an improved
operational energy efficiency, an all-electric operational energy demand, and a reduced embodied
energy, can achieve a NZLCPEGHG apartment unit (154 m2, 4 occupants) in a four-storey building,
over 50 years. Battery storage is the most critical parameter regarding life cycle cost, swinging the net
present value of the building from -46 to +47 USD2020/(m2-of-gross-floor-area) over 50 years, with and
without batteries, respectively. The greenhouse gas emissions factor of the electricity grid is the most
critical parameter that affects achieving a NZLCPEGHG building, with cleaner grids making it harder to
displace embodied greenhouse gas emissions. In light of these results and the sensitivity analysis, we
provide a range of research, technical and policy-related recommendations to improve the life cycle

environmental performance of buildings and help mitigate catastrophic climate change.

Keywords: Life cycle greenhouse gas emissions analysis; Life cycle cost analysis; Energy efficiency;

Photovoltaic; Zero carbon; Residential buildings; Lebanon

1 Introduction

Greenhouse gas emissions from human activity is destabilising the climate of the Earth by intensifying
the greenhouse effect and disturbing the water cycle [1, 2]. The operation of buildings alone is
responsible for a third of final energy use [3] and associated greenhouse gas emissions, globally. This
has been a driver for improving the operational energy efficiency of buildings (e.g. Energy Performance
of Buildings Directive [4] or Passive House [5]), down to net zero energy buildings and positive energy
buildings, which produce more energy than what they use for their operation [6]. However, improving
the operational energy efficiency of buildings typically requires additional materials and insulation
(depending on the climate) and thus, additional energy and greenhouse gas emissions to produce these
materials, i.e. embodied energy and greenhouse gas emissions [7-11]. To date, very few studies have
evaluated the feasibility of achieving net zero life cycle primary energy [12] and greenhouse gas
emissions buildings, while quantifying the associated life cycle cost premium. If we are to effectively
improve the environmental performance of buildings, we need to reduce their net life cycle greenhouse
gas emissions to zero, and even further. With the continuing population growth [13] and the need for

more compact housing [14, 15], achieving net zero life cycle energy and greenhouse gas emissions
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apartment buildings is critical. It is equally challenging, given the smaller useful area per inhabitant to

install local renewable energy generation compared to other housing typologies.
1.1 Aim and scope

The aim of this study is to evaluate the feasibility of achieving net zero life cycle energy and greenhouse
gas emissions apartment buildings in a Mediterranean climate and quantify the associated life cycle
cost. This is complemented by a thorough sensitivity analysis that varies the main environmental and

financial parameters to test the robustness of the findings.

This study is a further addition to the previous work of the authors [16, 17] on a representative case
study apartment building located in Sehaileh, Lebanon (see Section 3.2). Previous studies had
established a benchmark life cycle energy use, including embodied, operational and user-transport
requirements, as well as evaluated different measures to reduce these. The scope of this study is
presented in Figure 1 below, in light of the existing studies. It includes quantifying the life cycle embodied
and operational energy and greenhouse gas emissions of a representative case study building as well
as its net zero life cycle energy and greenhouse gas emissions counterpart. Energy use (and associated
greenhouse gas emissions) for the mobility of occupants (user-transport) and for the construction of
nearby roads and infrastructure is not considered in this paper. The life cycle stages A1-A5 and B1, B5
and B6, according to the European Standard 15978 [18] are included in the scope of this paper. This
goes beyond the ‘Net Zero Carbon Buildings’ definition proposed by the UKGBC [19], which does not
include the replacement and maintenance of construction materials. The embodied and operational
energy and greenhouse gas emissions are first reduced through a series of measures. The remaining
embodied and operational energy use and greenhouse gas emissions are covered and displaced,

respectively, by generating photovoltaic energy and selling it on the grid.
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Figure 1: Scope of this study
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2 Existing studies evaluating the feasibility of achieving net zero life cycle energy

and greenhouse gas emissions buildings

The dominant majority of existing studies focuses on net zero operational energy and/or greenhouse
gas emissions (e.g. [6, 20-25]). Very few studies have attempted to achieve net zero life cycle primary
energy (as defined by Hernandez and Kenny [12]) and/or greenhouse gas emissions buildings).
Crawford [26] modelled a net zero life cycle primary energy detached house (270.8 m2 residence +
36.9m2 garage) in Melbourne, Australia. He found that to achieve a net zero life cycle embodied and
operational energy house, a solar photovoltaic array of 14.9 kW, was needed, which would result in
125 mz2 of panels in 2010 (~12% efficiency) and in 74.5 m2 of panels assuming a 20% efficiency in 2020.
Crawford [26] used a hybrid life cycle inventory in evaluating embodied energy, which provides more
comprehensive system boundaries compared to process analysis (see Section 3.4 for more details).
This Australian study demonstrates the challenge of achieving this target even when using a detached
house typology, which provides the largest roof area per capita in order to achieve net zero life cycle

energy use. The study did not consider the financial cost.

More recently, and in one of the advanced studies of this type, Birge and Berger [27] quantified the life
cycle greenhouse gas emissions associated with villas in the United Arab Emirates, including embodied,
operational and mobility requirements, as advocated for by [28]. Birge and Berger [27] found that it was
possible to achieve net zero life cycle greenhouse gas emissions villas in Abu Dhabi. Their most
effective scenario relied on reducing the house size (see [14, 15] for additional research on this topic),
adding insulation, electrifying the operational energy demand and using efficient appliances, using
water sources with a reduced energy intensity, using electric cars and planting 3-10 trees per villa to
sequestrate remaining greenhouse gas emissions over the life of the trees (note that the baseline
business as usual scenario required to plant 1 747- 6 116 trees to offset life cycle greenhouse gas
emissions). However, as in Crawford [26], their study relied on the detached house typology and did
not attempt to consider more challenging typologies such as apartment buildings. Furthermore, the life
cycle inventory technique that they used is process analysis, which is known to underestimate
embodied energy and greenhouse gas emissions, as compared to hybrid analysis (see Section 3.4 for
more details). Moreover, their study did not consider the cost implications of achieving this level of

performance.
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In their recent paper, Satola et al. [29] evaluate the potential to achieve zero life cycle energy and
greenhouse gas emissions for detached houses in Sydney, Atlanta, Shanghai and New Delhi. Their
results find that this is possible for the house in Sydney, using a 6 kWp system, but not in the other cities
where they achieved either a net zero operational energy and greenhouse gas emissions house
(Atlanta), or just a low energy house (New Delhi and Shanghai). However, their study also relies on
process data which underestimates embodied energy and greenhouse gas emissions (the house in
Sydney has an annualised life cycle embodied greenhouse gas emissions intensity per unit of gross
floor area of ~19 kgCOz2e/(m?-a) compared to ~27 kgCO2e/(m2-a) in this study which uses Australian
data, see Section 4). As in the studies mentioned above, they also use a detached house as a case
study, with plenty of roof area to cover energy use and displace greenhouse gas emissions. Other
studies, such as Goggins et al. [9], Cellura et al. [10] study investigate the embodied energy of zero
operational energy houses, but do not attempt to cover the embodied energy nor displace or offset

embodied greenhouse gas emissions.

This brief review of the literature, which is by no means exhaustive, demonstrates the need to better
understand the feasibility of achieving zero life cycle primary energy and greenhouse gas emissions
apartment buildings and quantifying the associated life cycle cost. The method used to address this gap

is presented below.

3 Method

The section describes the research method, the case study building, the measures used to reach a net
zero life cycle energy and greenhouse gas emissions performance and the quantification algorithms

used for energy, greenhouse gas emissions and cost.
3.1 Overall research strategy

Figure 2 depicts the overall research strategy. The research relies on a case study approach, using the
same case study building as previously (see Section 3.2 for a justification of the approach and details
on the case study building). The bill of material quantities and the operational life cycle energy demand
are taken from the previous research conducted by the authors in [16] and [17]. These are used to
qguantify the life cycle embodied energy and greenhouse gas (GHG) emissions of the base case
apartment building and its life cycle operational energy use and GHG emissions, respectively.

Combining the two provides the life cycle energy and GHG emissions profile of the base case apartment
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building, as a benchmark to compare against. A range of life cycle energy and GHG emissions reduction
measures, adapted from [17] are applied to the base case to improve its life cycle energy and GHG
emissions profile. Photovoltaic panels are then installed on the building to cover the remaining life cycle
energy use and displace GHG emissions. The difference in life cycle cost between the base case
apartment building and the resulting net zero life cycle primary energy and GHG emissions apartment
building is then calculated. A broad sensitivity analysis, including environmental, built environment and
financial parameters, is conducted to broaden the applicability of the results and identify critical

parameters.
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Figure 2: Overall research strategy. Note: BC = Base Case, GHG = Greenhouse gas.

3.2 Case study apartment building

This paper uses a single case study approach as its main research method. The system that is studied

(the life cycle cost, energy use and greenhouse gas emissions of an apartment building in a
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Mediterranean climate) is common but data is lacking in a Lebanese context, making the case study
critical and exploratory, as described by Yin [30]. In addition, the focus of the study is novel and there
are no existing datasets with consistent and structured information on a large sample of the population
(i.e. zero life cycle primary energy and greenhouse gas emissions buildings) that can be used. The
single case study needs to be representative of the population to maximise the external validity
(extrapolation) of the results [30, 31]. The case study building is highly representative of recent
Lebanese apartment buildings, as demonstrated in Stephan and Stephan [16]. We also use the same

building as in the [16, 17] for consistency.

The case study is a four-storey apartment building built in 2008, and located in Sehaileh, Lebanon in
the Mount-Lebanon ranges, 25 km North of the capital Beirut, at 515 m above sea level. The building
has a South orientation and two apartments per storey (eight in total), of 154 m2 gross floor area and
113 m2 of usable floor area (see Figure 2) each. It accommodates 32 occupants in total (four in each
apartment). The roof has central flat area and two slopes to the East and West. Sloped areas represent
190 m2 while the central flat area covers 76 m2. The building has a reinforced concrete structure with
cast in situ reinforced concrete slabs that use hollow core concrete blocks. Outer walls are made of
concrete blocks (2x100 mm) with an air blade (100 mm) and are clad with natural stone as per local
regulation. Double-glazed windows with aluminium frames and external aluminium roller sunshades are
installed. Ceramic floor tiling is used in all rooms. Each unit is heated through a central gas heating
system (efficiency of 95%) and cooled with air conditioning units (COP of 2.5). More detailed information
about the case study building, including facade details, bill of material quantities, energy modelling and
others can be found in Stephan and Stephan [16]. We sourced all the information on the building directly
from the construction company [32], resulting in reliable data for many significant variables such as the
bill of material quantities, building systems installed and their efficiency. Table 1 summarises the main

characteristics of the base case study building.
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Figure 3: South elevation and floor plan of case study apartment building in Sehaileh, Lebanon. Note:

PV = photovoltaic. Areas and floor plan based on Technical Enterprises Co. [32].

Table 1: Main characteristics of the case study apartment building in Sehaileh, Lebanon.

Characteristic Value
Building useful life 50 years
Gross floor area per apartment 154 m2
Useful floor area per apartment 113 m2

Useful flat roof area for solar hot water panels

Useful roof area for photovoltaic panels

Useful south fagcade area for photovoltaic panels

Number of apartments
Number of occupants per apartment
Structure type

Facade

Slabs

Roof

76 m2 (tilt=30°, azimuth=0°)

95 m? East-facing (tilt=18°, azimuth=90°)
95 m2 West-facing (tilt=18°, azimuth=-90°)

64 m2 (tilt=90°, azimuth=0°)

8
4
Reinforced concrete

Double concrete block wall, 100 mm air blade, Double glazed
aluminium framed windows

Hollow concrete blocks with cast in-situ reinforced concrete slab

Hollow concrete blocks with cast in-situ reinforced concrete slab,
Terracotta tiles
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Characteristic Value

Finishes Medium standard: Ceramic tiles and skirting — Floor to ceiling wall tiling
in WC and kitchen — Water-based paint

Operational energy sources Gas heating (efficiency = 95%) and cooking (efficiency = 90%);
Electrical cooling with a heat pump (COP? = 2.5); Electric domestic hot
water system (efficiency = 100%)

Primary energy conversion factors Electricity: 3.8, Gas: 1.1
(GJPRIMARY/GJDELIVERED)b

Greenhouse gas emissions factors Electricity (Heavy Fuel Oil 75%; Diesel 25%): 72.2225,
(kgCOe/GIFFMARY)c Gas: 60.2 kgCO,e/GIPRMARY

Note: See Stephan and Stephan [16] for details on all the values in the table, except emissions factors
aCOP = Coefficient of performance
bBased on calculations in [16], Appendix B.

¢Based on emissions factors from [33], the emissions factor for electricity is based on a 75% and 25%
generation from the state-owned heavy fuel oil power plants and the privately owned diesel generators,

respectively. See Appendix A for details.

The overall life cycle energy demand of the case study building was evaluated in Stephan and Stephan
[16] and [17] but the numbers for embodied energy are revised in this study and complemented with
life cycle greenhouse gas emissions figures, using the most recent embodied energy and greenhouse

gas emissions material coefficients from the EPIC database [34] (see Section 3.4).
3.3 Achieving zero life cycle primary energy and greenhouse gas emissions

The top contributors to the life cycle embodied and operational primary energy demand of the base
case are electrical operational end-uses (notably domestic hot water), heating and concrete and steel
that represent most of the embodied energy demand. In this study, we do not try to radically modify the
floor plan of the apartment building, nor its construction materials. This enables us to maintain the same
functional unit and maximise comparability, yet it prevents us from exploring more innovative measures,
such as using structural timber, which is further discussed in Section 5.7. This implies that the main

energy and GHG emissions reduction measures target operational energy use.

The measures to reduce operational energy and GHG emissions include adding expanded polystyrene

insulation (100mm) in the outer walls and roof, installing a 5m2 solar thermal collector (vacuum tube)
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for each apartment, replacing all lighting with light emitting diodes (LED), replacing all electrical
appliances with energy efficient versions (European class A+++), replacing air conditioning split
systems with a more energy efficient version (CoP of 5.9 instead of 2.5), removing the radiative heating
system to use the air conditioning for heating instead. The measures to reduce embodied energy and
GHG emissions include removing the internal partition wall between the kitchen and the living room
(19.43m2) and replacing all ceramic tiles with stamped concrete. In addition, the central shaft of the
building is slightly enlarged and replaced by an atrium to improve natural lighting. The remaining life
cycle energy use and GHG emissions are displaced through the installation of photovoltaic panels on

the roof and the South facade, totalling ~6.5 kW), for each apartment.

This paper focuses on the overall energy and GHG emissions performance resulting from the

combination of all these measures. The measures are not studied individually.

Table A.1, Appendix B details all measures, including assumptions and data pertaining to life cycle
energy, greenhouse gas emissions and cost calculations, as well as their net (individual) effect on the
life cycle energy, GHG emissions and cost balance of each apartment. Data from [16, 35, 36] are used

in designing the measures.
3.4 Quantifying life cycle embodied primary energy and greenhouse gas emissions

There are three main approaches that can be used to quantify the embodied environmental flows,
including energy and greenhouse gas emissions, of products and services, including construction
materials. These three approaches are process analysis, input-output analysis and hybrid analysis.
Process analysis is the most widely used approach when it comes to construction materials. It is a
bottom-up approach that consists of collecting industrial data on the processes involved across the
supply chain of a construction material [37]. For each process, inputs and outputs are quantified, such
as energy and greenhouse gas emissions. As such, process analysis is very time-consuming but
usually relies on the most specific and accurate data. The downside is known as the truncation error
[38, 39], as it is practically impossible to collect data on every single process in a supply chain. The
excluded processes are assumed not to contribute in any way which can underestimate the embodied
energy and/or greenhouse gas emissions of a building by factors of 2.5-4 [40, 41]. The recently

published EPIC database [34] shows an average truncation error of ~60% across 131 different building
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materials. In other words, more than 60% of the environmental effects are not accounted for in the

process data, which includes almost 5 000 processes.

Input-output analysis is a macroeconomic top-down approach that accounts for financial transactions
across different sectors of the economy [42]. By combining such data with environmental accounts,
environmentally-extended input-output analysis [43] enables quantifying the total embodied
environmental flows, e.g. energy and greenhouse gas emissions, of any service or product in the
economy, across its supply chain. However, this comprehensiveness comes at the price of accuracy,
as dozens, at best a few hundreds, of sectors are used to model an entire economy. Input-output

analysis is comprehensive but unreliable for specific products [44].

Hybrid analysis combines both process and input-output analysis to try and mitigate their negative
effects [45]. It uses the more accurate process data where available, and the more aggregated input-
output data to fill gaps in the supply chain. The result is a more comprehensive system boundary that

relies on the most accurate data available [46].

In light of the above, we use an input-output based hybrid analysis (see [45] for a detailed description
of hybrid life cycle inventory techniques) to quantify embodied energy and greenhouse gas emissions.
More specifically, we use the Australian EPIC database of embodied environmental flows [34] and
complement that with Australian input-output data to cover remaining supply chain gaps. We decided
to use the EPIC database because it is the only readily available database of hybrid embodied
environmental flows coefficients, globally. Moreover, and as demonstrated in Stephan and Stephan
[16], more than 35% of the embodied energy of the case study apartment building is due to materials
produced outside Lebanon, and in multiple geographic regions. This means that in the absence of a
global multi-regional hybrid embodied environmental flows database, it is very hard to accurately
estimate the embodied energy and greenhouse emissions of Lebanese apartment buildings. We adopt
a safe approach, using the database with the broadest system boundaries, and ensuring that the
embodied energy and greenhouse gas emissions are not underestimated as in most existing studies.
This makes it harder to achieve a net zero life cycle primary energy and greenhouse gas emissions

building.

The EPIC database combines bottom-up process data with top-down macroeconomic environmentally

extended input-output data to fill supply chain gaps. It is based on the path-exchange method for hybrid
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analysis [47] and uses an automated approach to streamline the path exchange [48]. The database is
consistent and transparent: the background data for all materials are available on Figshare. The
recurrent embodied energy and GHG emissions associated with the replacement of building materials
over the period of analysis of 50 years is also taken into account. Average material service lives are

sourced from Ding [49] and NAHB [50].

Eqg. 1 below is used to quantify the life cycle embodied energy and GHG emissions of the building. We
used the model developed by Stephan [51] and updated with the EPIC database. This model uses
embodied environmental flows coefficients at the material level (e.g. glass), combines them into
construction assemblies (e.g. double-glazed windows) and multiplies these intensities by the quantities
of assemblies in the building. The sum of embodied energy and GHG emissions of all assemblies is

complemented by a so-called ‘input-output remainder’ that covers remaining gaps in the supply chain.

Initial embodied flow

A M M
LCEF,= Z z (Qmap X FCp) + (TFRBS - Z TERm> x Cp,
m=1

a=1m=1

& [[POA
+ Z Z T ke (@map X FCp) + (TFRBS — TFR,, — NATFR,) X Cprap
m,a

a=1m=1

Recurrent embodied flow

Eqg.1

Where: LCEFy is the life cycle embodied flow of the building in flow unit (e.g. GJ for energy); A is the
total number of assemblies in the building; M is the total number of materials in the element e or the
assembly a; Qm,ap is the quantity of material m in the assembly a in the building b (e.g. kilogrammes of
steel); FCn is the hybrid embodied environmental flow coefficient of material m in flow unit per functional
unit of material (e.g. GJ/kg); TFRBS is the total flow requirement of the input-output sector associated
with the residential building sector, in flow unit/current unit; TFRy, is the total flow requirement of the
input-output pathway representing material m, in flow unit/currency unit; Cyis the cost of the building b
in currency unit; POA is the period of analysis in years, e.g. 50 years; SLm.a is the service life of the
material m as used in assembly a, in years; NATFRn, is the total flow requirement of all input-output
pathways not associated with the installation or production process of material m being replaced, in

flow unit/currency unit, e.g. pathways representing concrete production when replacing aluminium
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window frames; and Cn b is the cost of the material m used in assembly a, in building b, in currency

unit.
3.5 Quantifying life cycle operational primary energy and greenhouse gas emissions

Operational energy is quantified using a dynamic thermal simulation for heating and cooling and static
equations for non-thermal operational energy demands, as in Stephan and Stephan [16]. Heating and
cooling are quantified using DEROB-LTH, a dynamic energy simulation software that includes a detailed
solar radiation model [52]. DEROB-LTH relies on an hourly timestep and considers thermal mass and
building occupancy (see Appendix A in Stephan and Stephan [16] for details on the thermal energy
model). Non-thermal operational energy demands are calculated by multiplying the power rating of the
system/appliance by its operating hours over the period of analysis. Final energy demands are
converted to delivered energy by considering the energy efficiency of the appliance (e.g. dividing the
cooling demand calculated with DEROB-LTH by the coefficient of performance of the air conditioning
unit). Delivered energy is converted to primary energy terms using the primary energy conversion

factors for gas (1.1) and electricity (3.8), established in Stephan and Stephan [16].

Once primary operational energy figures are calculated, these are converted to GHG emissions using
the emissions factors provided in Table 1, based on [16] and [33], and as per Eq. 2. These emissions
factors account for the three main greenhouse gases, namely carbon dioxide, methane and nitrogen
oxide and are expressed in kgCO:e. The full details on the calculation of the emissions factor, and their
comparison to official figures from 2011 from the Lebanese government [53] are provided in Appendix

A.

S
LCOPGHG, = Z POPE, , xEF,

s=1
Eq2

Where: LCOPGHG; is the life cycle operational greenhouse gas emissions of the building b in kgCO:e;
S is the total number of fossil energy sources used in the building; POPEsy, is the primary operational
energy demand associated with source s, used in building b, in GJPRIMARY: and EF; is the greenhouse

gas emissions factor of source s in kgCO2e/GJPRIMARY,
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3.6 Displacing life cycle energy use and greenhouse gas emissions through the

installation of photovoltaic panels

Solar photovoltaic panels are used to displace the life cycle primary energy use and greenhouse gas
emissions of the building, over 50 years. We chose solar photovoltaic panels because of the Lebanese
Mediterranean climate and its high solar radiation values, combined with relatively mild temperatures
(an average of ~20°C in Beirut) [54]. We also chose solar photovoltaic panels because of the sustained
drop in their cost of installation, which had been the main barrier to their widespread installation until

recently [36].

The case study building enables the installation of PV panels on the sloped portions of the roof. We
dedicated the flat roof area to the installation of solar thermal collector. Portions of the South facade
were also clad with panels, where relevant, and as depicted in Figure 3. That enabled us to install 190
m? of photovoltaic panels on the roof and 64 m2 on the south facade. With a panel size of 2m2? and a
power rating of 415 Wy, the installed capacity per apartment unit is 6.588 kW or a total of 52.705 kWh,.
When installing photovoltaic panels on the south facade, we assumed that the underlying natural stone

would be removed, saving on embodied energy, greenhouse gas emissions and capital cost.

In order to quantify the net amount of energy produced and greenhouse gas emissions displaced by a
photovoltaic array, we first calculated the additional embodied energy and greenhouse gas emissions
associated with the production and installation of the entire system (panels, inverter, tubular gel
batteries) as well as their replacement over time (see Table B.1, Appendix B for details). For each
orientation, we computed the amount of solar radiation using data from Meteonorm [55]. We used this
annual radiation to compute the electrical output of the solar photovoltaic arrays, taking into account
environmental losses (20%) and the decrease of their efficiency over time. Eq. 3 describes how the

amount of displaced greenhouse gas emissions was calculated.

Displaced greenhouse gas emissions from the electricity grid

DLCGHG,=

AR
(Z PR, X SRy X @F X dbar) X POA x PEFEL x EFFEL

ar=1

Additional embodied greenhouse gas emissions of the PV system

c
POA
z HST «(0,, % GHGC, ) +(T GHGRBS-TGHGR ~NATGHGR,) Ccyb] "
c=1 ¢
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M
POA
Z HT] X (Qmp X GHGC,,) + (TGHGRBS — TGHGR,, — NATGHGR,,) X cm_b]
m=1 m

Avoided embodied greenhouse gas emissions due to the use of PV panels

Eqg. 3

Where: DLCGHG; is the displaced life cycle greenhouse gas emissions of building b; ar is a solar
photovoltaic (PV) array with a certain orientation; PR4 is the power rating of the solar PV array ar in
kWp; SRy is the average annual solar radiation hitting the solar PV array ar in kWh/m?;, ®E (=0.8) is a
scalar representing environmental losses due to shading, dust, etc.; ®a (=0.9) is a scalar representing
the decrease in panel output over time, based on an 80% efficiency at the end of life of 25 years; POA
is the period of analysis, in years; PEFE- is the primary energy conversation factor for electricity in
GJPRIMARYJG JDELIVERED: EFEL js the greenhouse gas emissions factor for electricity, in kgCO2e/GJPRIMARY;
¢ is a component of the solar PV array; SLc is the service life of component ¢ in years; Qc,p is the amount
of component c in the building, in functional unit of component (e.g. 1 inverter); GHGC: is the embodied
greenhouse gas emissions coefficient of component c in kgCOze/functional unit; TGHGRBS is the total
greenhouse gas emissions requirement of the input-output sector associated with the residential
building sector, in kgCOze/current unit; TGHGR. is the total greenhouse gas emissions requirement of
the input-output pathway representing component c, in kgCO:e /currency unit; NATGHGRc. is the total
flow requirement of all input-output pathways not associated with the installation or production process
of component ¢ being replaced, in kgCO:ze/currency unit, e.g. pathways representing concrete
production when replacing solar photovoltaic panels; C¢p is the cost of component ¢ in building b in
currency unit; m is a material that is not installed anymore in the building because of the installation of
the PV array; SLm, Qm,, TGHGRm, NATGHGR, and Cn, » represent the same variables as those for

component ¢ but for material m.

Eq.3 clearly demonstrates the direct relationship between the amount of displaced greenhouse gas
emissions and both the primary energy conversion factor for grid electricity as well as the greenhouse
gas emissions factor of grid electricity. This will be further investigated in the sensitivity analysis,

described in Section 3.8.
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3.7 Quantifying life cycle cost

The life cycle cost of the net zero life cycle primary energy and greenhouse gas emissions building is
calculated in net present value (NPV) terms. We calculate the NPV for each energy reduction measure
and for the combination of all measures, over 50 years, as per Eq.4 below. The NPV of each measure
is calculated as the net difference with the base case building. A positive NPV means that the measure

is economically worth pursuing.

POA
_ \ (ACapex, + ES, + GS,)) x (1 + CPI)”
L) o
=0
Eqg. 4
Where:

NPVnz is the net present value of the net zero life cycle primary energy and greenhouse gas emissions
building NZ compared to the base case BC over the period of analysis, in USD; y is a specific year;
POA is the period of analysis, in years; ACapexy is the capital expenditure in year y, which is the
difference between the investment for NZ minus the investment for the base case BC on that specific
year y, in USD; ESy is the delivered electricity savings in year y, which are the difference between the
electricity spending for NZ minus the electricity spending for the base case on that specific year y, in
USD; GSy is the delivered gas savings in year y, which are the difference between the gas spending for
NZ (in this case zero for all measures), minus the gas spending of the base case on that specific year
y; CPI = the considered inflation rate (3.9%), which is computed as the average of the consumer price
index (CPI) over the last 20 years, after the end of the Lebanese civil war and return to normality, based
on data from IMF and the Central Administration of Statistics; and r = the discount rate (12.2%),

calculated as described in Stephan and Stephan [17].

We assumed that the residual value of all the construction materials, appliances and photovoltaic
systems is nil at the end of the period of analysis. In other terms, we assume that there is no resell
value. The last replacement of any item is performed so that the end of its service life coincides with

the end of the period of analysis.

Prices of construction materials, systems, appliances, and other components are based from a market

study conducted in September 2019 in Lebanon and are based on average retail prices from major
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suppliers. Note that we did not consider the financial situation in Lebanon as of October 2019 to date
due to public unrest in the country and its economic collapse which would significantly distort any life
cycle costing attempts. Electricity tariffs for the state owned Electricité du Liban (EdL) are based on
current official figures and are presented in Table 2. The average neighbourhood electricity generator
fee for a standard connection is based on figures from 2014 to 2019 in the Zouk-Mosbeh area, Mount-
Lebanon and are presented in Table 3. Generators are assumed to cover 25% of the electricity demand
as in Stephan and Stephan [16], based on figures from the Lebanese Ministry of Energy and Water

[56].

All prices include tax and are corrected for inflation over the period of analysis of 50 years. The price of
materials and components replaced over the period of analysis is also indexed based on the year of
replacement. For instance, the life cycle cost of a LED light replaced every 10 years is the sum of its

current price, its price in 2030, 2040, 2050 and 2060 as well as the associated electricity use.

Table 2: Average monthly electricity prices in Lebanon as of 2020, in USD/kWh.

Electricity demand (kwWh/month) Cost (USD/kwh)
0-100 0.0255
100-300 0.0401
300-400 0.0584
400-500 0.0876
>500 0.146

Table 3: Average generator monthly tariff for a 5 Amperes connection in Zouk-Mosbeh, Lebanon for
2014-2019, in USD

3]
2 (o))
et E B EE T 3328888 E
2014 66 67 67 47 47 84 93 97 90 90 66 57 72.6
2015 62 62 45 45 50 50 73 70 79 54 40 46 56.3
2016 53 37 33 30 30 44 54 63 43 40 40 57 43.7
2017 46 42 16 17 25 20 28 30 20 23 40 40 28.9
2018 70 33 27 30 63 61 64 50 30 25 22 25 41.7
2019 25 46 27 24 47 50 47 53 26 22 30 53 37.5
Average 46.78 USD
Specific price® 0.177 USD/kWh

Note: aThe specific price is based on the assumption of full capacity use (5 A <> 1.1 kW) for the entire

time a generator is on over 30 days (8 h/day as in Stephan and Stephan (2014)). This gives: 1.1 x 8 x
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30 = 264 kWh of generator energy per month. The price is therefore: 46.78/264 = 0.177 USD/kWh,
which is 18.8% lower than what was used in Stephan and Stephan [57] based only on 2014-2016 data,
revealing an overall decrease in private generator tariffs over the course of 2017-2019, which is

correlated with a decrease in global oil prices.
3.8 Sensitivity analysis scenarios

Life cycle assessment studies can suffer from significant uncertainty as they involve a large number of
independent variables over a long period of time. As such, it is critical to conduct a sensitivity analysis
in order to evaluate how the core findings are affected for changes in key variables [58]. This also
enables us to broaden the applicability of results to other countries and contexts by modifying the values
of parameters to encompass those of other countries or contexts (e.g. the primary energy conversion
factor for electricity). In order to do so, we rely on so-called ‘what-if scenarios’ [59] and specify different
values for key variables that affect the life cycle energy, greenhouse gas emissions and/or cost of the
building. This is in line with the systematic sensitivity analyses that we have conducted in our previous

life cycle assessments of the case building [17, 57].

Table 4 summarises all the key parameters that are varied in the sensitivity analysis, the values
investigated, a justification of the parameter and the values chosen. We investigated the sensitivity of

the results to different parameters, separately.

Table 4: Details of the sensitivity analysis parameters, values, and justification

Parameter(s) Investigated values Justification

Any life cycle costing exercise needs to account for the very
uncertainty in the average inflation and discount rate over long

periods of time [60]. We decided to investigate two scenarios,
Inflation (CPI),

e CPI=2%: 1=3% namely one with a low inflation and discount rate, aligned with
and discount '
o CPI=4.4%: 1=15% values that are typically used in more stable economies (e.g. [61])
rates (r) Y
and a worst case scenario, where the discount rate is even higher
than the 12.2% used. These values are in line with those used in
the sensitivity analysis in [17]..
In order to broaden the applicability of the results and measure the
e EFE'=0 kgCO,e/GJPRMARY . . . o
Greenhouse gas effects of decreasing the greenhouse gas intensity of the electricity
EFE'=10 kgCO,e/GJPRMARY
emissions factor * gLt grid, it is essential to consider a broad range of decarbonisation

o EFF-=20 kgCO,e/GJPRMARY ) . . L
scenarios, translated into different greenhouse gas emissions
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for electricity

generation

Number of
storeys of the

building

Embodied energy
and greenhouse

gas emissions

Operational
energy and
greenhouse gas

emissions

Primary energy
conversion factor

for electricity

EFF=30 kgCOe/GI"RMARY
EFF'=40 kgCO,e/GIPRMARY
EFF'=50 kgCOe/GIPRMARY

EFF=60 kgCO,e/GIPRMARY

5 storeys

10 storeys

+40%

-40%

+20%

-20%

PEF®'=2.6

factors for the electricity grid. This is advocated for by Asdrubali et
al. [62] who recently studied the influence of the greenhouse gas
emissions intensity of the electricity grid on the life cycle
assessment of zero energy buildings. We consider that the current
Lebanese grid is very emissions intensive and thus investigate
increasingly less emissions-intensive grids, including a theoretical

zero greenhouse gas emissions grid.

As flagged in Section 2 and Section 3.2, we decided purposely to
use an apartment building to consider the challenge of a reduced
roof area available for renewable energy systems. As such, we
also consider the sensitivity of the results to increasing the number
of storeys to 5 and 10, from the original 4. This implies a
modification to the cost of the photovoltaic arrays as shipping
becomes more effective (2.04 USD/W,, for the 5 storeys scenario
and 2.06 USD/W, for the 10 storeys scenario). Also, for the 10
storeys scenario, we can install only half of the solar thermal
collectors (2.5 m2/apartment), increasing the operational energy
demand and associated greenhouse gas emissions for domestic
hot water (+564 GJ/apartment and +40 744 kgCO,e/apartment
compared to the four-storeys net zero life cycle primary energy and

GHG emissions building, over 50 years)

Embodied energy and greenhouse gas emissions suffer from
significant uncertainty in their values, due to a range of factors [44].
Hybrid life cycle inventories, such as the EPiC database, can suffer
from uncertainty of +40% in the total value of embodied energy and

greenhouse gas emissions [63].

Operational energy and greenhouse gas emissions are also
subject to uncertainty in their modelling and significant variability in
the lifestyle patterns of building occupants [64]. We use a margin of

+20% to account for that.

The primary energy conversion factor in Lebanon (3.8 [16]) is very
high compared to many other countries due to its ailing electricity
infrastructure. In order to simulate more efficient electricity grids,

we test the sensitivity of the results to using a primary energy
conversion factor of 2.6, a value that is specified by energy

efficiency standards in some European countries [65], including
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France and Spain, which include regions with a Mediterranean

climate, like in Lebanon.

From a life cycle greenhouse gas emissions perspective, reducing
the primary energy conversion factor for electricity is directly
equivalent to reducing the greenhouse gas emissions factor for
electricity production to 50 kgCO,e/GJPRMARY 'As such, we do not
discuss this particular case on its own as it is directly included in
the greenhouse gas emissions factor for electricity production.
Similarly, we do not combine the reduction of the primary energy
conversion factor with a reduction of the emissions factor as this is
captured by one of the more significant reductions of the emissions

factor.

3.9 Data availability

The data used in this study are made available open-access to ensure transparency and the replicability
of results, in line with best practice guidance in industrial ecology [66]. The data are accessible on

Figshare [67] at: https://doi.org/10.6084/m9.figshare.12452615. These data namely include:

e The detailed bill of material quantities of the base case;

e The detailed bill of assemblies quantities of the base case;

e The detailed life cycle cost calculations for each measure and the net zero life cycle primary
energy and greenhouse gas emissions building;

e The detailed calculations related to the sensitivity analysis; and

Other relevant data and information.

The EPIC database [34] used to quantify embodied energy and greenhouse gas emissions is available

in open-access at: https://www.doi.org/10.26188/5dc228ef98c5a. Details on the calculations of each

measure are provided directly in Appendix A below.

4 Results

Results show that achieving a net zero life cycle primary energy and greenhouse gas emissions
apartment building in a Mediterranean climate is technically feasible, by using a moderate level of
thermal energy efficiency, solar thermal panels for domestic hot water, electricity for all operational

energy end-uses, installing a 6.5 kWp solar photovoltaic array and most importantly avoiding emissions
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from inefficient and emissions-intensive Lebanese electricity grid. By deploying the measures
mentioned above and detailed in Section 3.3, the net zero life cycle primary energy and greenhouse
gas emissions building achieves a net life cycle primary energy balance of -888 GJ (-0.7 GJ/m2 of gross
floor area),and a net life cycle greenhouse gas emissions balance of -20 258 kgCO:ze (-17 kgCO2e/m2
of gross floor area), over 50 years. This comes at an additional initial capital cost of 92 000 USD2020
(75/m2 of gross floor area) and a total life cycle cost of 57 283 USD2020 (47/m? of gross floor area) over

50 years, after taking into account the electricity and gas savings over that same period.
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Figure 4 depicts the breakdown and change in the life cycle primary energy use and greenhouse gas
emissions, by category, for the base case and the net zero life cycle primary energy and greenhouse
gas emissions building. We can observe that operational energy and greenhouse gas emissions
reductions outweigh the additional investment in embodied energy and greenhouse gas emissions. This
is very visible for the solar photovoltaic panels, where an additional embodied energy of 61 630 GJ
avoids the generation of 370 514 GJ of primary energy on the Lebanese grid. The largest net reduction
in life cycle energy and greenhouse gas emissions comes from using very energy efficient appliances
with a 59% reduction in non-thermal operational energy and emissions compared to assumed negligible
change in embodied energy and emissions. It is important to note that removing the partition wall
between the kitchen and the dining room and the other modifications to the finishes save 54% and 67%
of the additional embodied energy and greenhouse gas emissions needed to insulate the building with
10 cm of EPS insulation and to install a new double-glazed window on the atrium per apartment. Small
design changes involving embodied energy and greenhouse gas emissions intensive materials such as
concrete and mortar (initial embodied flows) and paint (recurrent embodied flows) can provide an

embodied environmental flows margin for significant life cycle energy efficiency upgrades.
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Figure 4: Parallel coordinates plot of the life cycle primary energy use (a) and life cycle greenhouse gas
emissions (b) of the base case (BC) and net zero life cycle primary energy and greenhouse gas
emissions apartment (NZLCPEGHG) buildings

Assuming that characteristics of electricity generation in Lebanon are constant over the coming 50
years, the solar photovoltaic array would take 7 years to payback its own embodied energy and 27.5
years to payback the embodied energy of the building and its own embodied energy. The life cycle

primary energy payback occurs only in year 48. Payback times are 8 years for embodied greenhouse
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gas emissions for the solar array alone, 28 years for embodied greenhouse gas emissions for the
building and the solar array and 49 years for life cycle greenhouse gas emissions. The very similar
payback times show that embodied and operational energy and greenhouse gas emissions are very
closely aligned in terms of their relative contributions, in this case. The very long payback times for life
cycle energy and greenhouse gas emissions clearly showcase the sensitivity of the results to the
primary energy conversion factor for electricity and the greenhouse gas emissions factor. The latter is

explored in detail in Section 4.1.

Another important information to relay is the initial, recurrent and total life cycle embodied energy and
greenhouse gas emissions intensity of the base case apartment building and the net zero life cycle
primary energy and greenhouse gas emissions building. These are summarised in Table 5. We can
see that the total life cycle embodied energy and greenhouse gas emissions increase by 35.9% and
43.4%, respectively. Recurrent embodied environmental flows increase more than initial embodied
environmental flows (e.g. +130.9% compared to +21.1% for recurrent and initial embodied greenhouse
gas emissions, respectively). The increase in initial embodied environmental flows is the most certain
figure in this study as it does not depend on the future evolution of the local electricity grid nor on the
emissions intensity of global supply chains for material production. These ‘locked-in’ emissions may
never be paid back in contexts with a low-emissions grid, as discussed in Sections 4.1 and 5.

Table 5: Comparison of the embodied energy and greenhouse gas emissions intensities between the

base case apartment building and the net zero life cycle primary energy and greenhouse gas
emissions building

NZLCPEGHGE Relative difference

Embodied environmental flow Unit BC building building (%)
Initial embodied energy GJ/(m? of GFA) 9.8 11.8 +20.3%
Recurrent embodied energy GJ/(m? of GFA) 3.7 6.6 +77 4%
over 50 years
Life cycle embodied energy over ) o
50 years GJ/(m? of GFA) 13.5 18.4 +35.9%
Initial embodied greenhouse gas kgCO,e/(m? of GFA) 755 914 +21.1%
emissions
Recurrent embodied
greenhouse gas emissions over kgCO.e/(m? of GFA) 193 445 +130.9%
50 years
Life cycle embodied greenhouse kgCOse/(m? of GFA) 947 1359 +43.4%

gas emissions 50 years
Note: GFA = Gross floor area; BC = Base case; NZLCPEGHGE = net zero life cycle primary energy

and greenhouse gas emissions

Figure 5 depicts the annual cash flow of the apartment building, in net present value terms (USD2020)

for the 50 years of period of analysis. Positive bars represent cost savings from electricity while negative
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bars associated with the initial (year 0) and replacement (subsequent years) costs of the different
measures implemented (e.g. installing solar photovoltaic arrays). The bottom line represents the
accumulated net present value of all the measures implemented in the apartment building (i.e. the sum

of all bars up to a given year).
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Figure 5: Life cycle cost of the net zero life cycle primary energy and greenhouse gas emissions
apartment building, as compared to the base apartment building, over 50 years

Two main observations can be drawn from the results. Firstly, the additional capital cost of the net zero
life cycle primary energy and greenhouse gas emissions apartment building is 92 000 USD2020 or 75
USD/m2 of gross floor area including new appliances. When considering only the extra cost of fixed
components, this capital cost falls to 89 000 USD2020 or 72.2 USD/(m? of gross floor area)which
represents an 11% increase in the cost per m2 of the base case apartment building (650 USD2020/(m?
of gross floor area)). This percentage increase in initial capital cost is in line with similar studies on zero
operational energy buildings, as discussed in Section 5. Secondly, the need for storage batteries due
to the intermittent nature of state-owned electricity in Lebanon significantly increases the cost of the
solar array, representing alone, 57% of the cost (1.21 of the 2.13 USD2020/kW,). In addition, the
discount rate of the Lebanese economy significantly reduces future cash flows, notably energy savings

over time. This is very visible on the graph, with the first few years paying back a large amount of the
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cost, but the discount rate significantly reducing these savings over time. Furthermore, the fact that all
the excess electricity from the solar array is given freely on the grid, without any buy-back rate further

penalises the reliance on solar photovoltaic panels in Lebanon.
4.1 Results of the sensitivity analysis

Figure 6 depicts the results of the sensitivity analysis of the results to a range of factors. It shows the
life cycle greenhouse gas emissions on the horizontal axis and the net present value compared to the
base case on the vertical axis. A few general observations can be made from this graph. Firstly, most
scenarios result in an apartment that is not able to reach a net zero life cycle energy and greenhouse
gas emissions performance. Secondly, the identified scenarios result in a significant amount of
variability in the results, namely from -769 kgCO2e/m?2 gross floor area to +1 359 kgCO2e/m2 gross floor
area for life cycle greenhouse gas emissions and from -47 USD2020/m2 gross floor area to +76
USD2020/m2 for the net present value over 50 years. These values vary widely compared to the original
figures for the net zero life cycle primary energy and greenhouse gas emissions building, i.e. -20
kgCO2e/m? gross floor area and -46 USD2020/m?2 gross floor area. Thirdly, almost all scenarios (27 out
of 31 or 87%) result in a negative net present value over 50 years, demonstrating the need for financial

incentives or support in most cases. Each set of parameters is discussed below.
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electricity, number of storeys and uncertainty in embodied and operational energy calculations. Note:
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NZLCPEGHGB = Net zero life cycle primary energy and greenhouse gas emissions building; LB =

Lebanon

Variability in the discount rate and inflation rate did not affect much the overall net present value, which
remains negative. The even higher discount (15%) and inflation (4.4%) rates have negligible effects on
the net present value (further decreasing it by 1.7%). Since the BC is already based on high discount
rate and inflation, further increasing them has very limited impact on the final NPV. A standard discount
rate of 3% and an inflation rate of 2%, similar to most existing life cycle costing studies of buildings and
building systems, increases the net present value to -47 545 USD2020 (-38.6 USD2020/(m? of gross

floor area)), or an increase of 17%.

Reducing the emissions factor of the electricity grid has the most significant effect on the overall life
cycle greenhouse gas emissions balance, moving it from an original -20 kgCO2e/(m?2 of gross floor area)
up to 1359 kgCO2e/(m2 of gross floor area) for a theoretical, fully decarbonised grid. For a fully
‘decarbonised’ electricity grid, embodied greenhouse gas emissions are no longer displaced, and the
result net life cycle greenhouse gas emissions balance of 1 359 kgCO2e/(m? of gross floor area)
becomes equal to the life cycle embodied greenhouse gas emissions. Assuming an average emissions
factor of 50 (equivalent to primary energy conversion factor of 2.6 for electricity, see Table 1) or 30
kgCO2e/GJPRIMARY (similar to Italy) over 50 years to account for a greenhouse gas emissions free
electricity grid by 2070 (which would still be too late according to one of the latest IPCC reports), the
net greenhouse gas emissions balance would stand at 404 and 786 kgCO2e/(mz2 of gross floor area)),
respectively. This is still much lower than the life cycle greenhouse gas emissions intensity of the base
case (3 429 kgCOze/(m? of gross floor area)) but far from a net zero outcome. This demonstrates the
great challenge in trying to achieve net zero life cycle greenhouse gas emissions buildings. Simply
improving operational energy efficiency and avoiding greenhouse gas emissions on the grid (e.qg.
photovoltaic panels) is not enough. Additional strategies, such as choosing materials that lock-in

greenhouse gas emissions for decades to come (e.g. structural timber), are needed.

Uncertainty in embodied and operational energy figures have very significant effects on the life cycle
greenhouse gas emissions and the life cycle cost, respectively. Overall, overestimating embodied
and/or operational energy and associated emissions (E-40% and O-20% cases) has a logical beneficial
effect on the actual life cycle greenhouse gas emissions which tend to be lower than expected.

However, underestimating operational energy (O+20% case), which would actually be higher than
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modelled, has positive effects on the life cycle cost, turning the net present value over 50 years positive
in three cases out of four, up to +76 USD2020/(m? of gross floor area). This is because a larger
proportion of the energy produced from the solar photovoltaic array is saving costly electricity from the

grid.

Finally, the number of stories of the apartment building has a significant effect on both the life cycle
greenhouse gas emissions and the life cycle cost. Increasing the number of storeys to 5 from 4 (+25%)
increases the life cycle greenhouse gas emissions to 378 kgCO2e/(mz2 of gross floor area) but decreases
the life cycle cost by 51%. Moving to 10 storeys results in a higher life cycle greenhouse gas emissions
intensity of 1 175 kgCOze/(m? of gross floor area) but turns the net present value positive to +9
USD2020/(mz of gross floor area). All results and the sensitivity analysis are discussed in the following

section.

5 Discussion
5.1 Contribution

This study has quantified the life cycle primary energy, greenhouse gas emissions and cost of achieving
a net zero life cycle primary energy and greenhouse gas emissions apartment building in a
Mediterranean climate. It has evaluated the feasibility of achieving this level of performance, both from
the energy and emissions perspective as well as from a financial cost perspective. The study goes
beyond recent research on net zero energy buildings (inter alia [9, 10, 20, 21, 24, 25]) by including
embodied energy and greenhouse gas emissions (initial and recurrent), achieving a net zero life cycle
energy and greenhouse gas emissions balance, and conducting a broad sensitivity analysis of the

results, notably to the greenhouse gas emissions factor of the electricity grid.

Results show that while achieving a net zero life cycle primary energy and greenhouse gas emissions
apartment building is possible in the current context and by relying on solar photovoltaic energy
generation on site, this depends significantly on the greenhouse gas emissions intensity of the electricity
grid. The higher the greenhouse gas emissions intensity of the grid, the easier is it to achieve this level
of performance by installing photovoltaic panels, as demonstrated by Martinopoulos [68]. The results

of the study have broad implications for future research, as well as policy, which are discussed below.
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5.2 Revisiting the definition of net zero energy (and greenhouse gas emissions)

buildings

Based on the findings of this research, it is critical to review existing definitions of net zero energy and
greenhouse gas emissions buildings by including both initial and recurrent embodied energy (as in [11,
12]) and greenhouse gas emissions (as in Asdrubali et al. [62]), attempting to offset them, and including
future reductions in the greenhouse gas emissions of the local electricity grid in the definition, as
scenarios. Only then will we be able to realistically measure the overall life cycle energy and greenhouse
gas emissions performance of a building. This is corroborated by the recent findings of Parkin et al. [69]
that also call for a broader life cycle definition that includes both energy and greenhouse gas emission
metrics as well as the greenhouse gas emissions intensity of the grid. We suggest that primary energy
will still be relevant as an indicator in the coming decades, despite electricity grids with lower
greenhouse gas emissions intensities, because primary energy is also highly correlated with other

environmental impact categories, as demonstrated by Oregi et al. [70].

New policies focusing on improving the environmental performance of buildings need to adopt both a
life cycle perspective, including both initial [71] and recurrent embodied environmental flows, as well as
a systems approach, in order to yield net overall benefits. Otherwise, there is a high risk of simply
displacing energy use or greenhouse gas emissions from one life cycle stage or location to another,

without an overall reduction.
5.3 Reducing embodied energy and greenhouse gas emissions

In light of the results, the initial embodied energy and greenhouse gas emissions are the most significant
metrics to consider as electricity grids in most countries seem to be set to decarbonise over time, which
will reduce the life cycle contribution of operational emissions [62], and to some extent recurrent
embodied greenhouse gas emissions (for electricity-operated processes). The significance of initial
embodied energy and greenhouse gas emissions is further compounded by the increased material
intensity of a zero life cycle primary energy and greenhouse gas emissions building (+20% on average
for both indicators, see Table 5). This means that producing renewable energy onsite might never avoid
the entirety of the initial embodied greenhouse gas emissions, dubbed the ‘carbon spike’ by Saynéajoki

etal. [72].
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To date, it seems to be very hard to significantly reduce the initial embodied energy and greenhouse
gas emissions of buildings as demonstrated by previous research. For instance, Myers et al. [73]
studied the potential of reducing the embodied energy of residential building by relying on renewable
materials. Their results show a potential reduction of 31% but highlight the lack of ability to do this at

scale and for different building typologies.

One way to reduce life cycle embodied greenhouse gas emissions would be to store carbon dioxide as
carbon in building materials, using them as carbon sinks, notably through the use of timber products.
In their recent study, Head et al. [74] develop a dynamic life cycle inventory database to account for the
life cycle greenhouse gas emissions of timber products in Canada, from a gate-to-gate perspective.
Their results, investigating a fraction of all possible scenarios that can be modelled, found that most
wood products act as net carbon sinks over their life cycle avoiding the emissions of 500 — 1 500
kgCO2e/m3 of timber, over time horizons of 100-500 years. However, this study does not consider using
timber at scale and associated supply chain repercussions which would change these carbon storage
estimations. At the current rate of construction and population growth, it is very hard to imagine the use
of timber products across the world, in a manner that ensures the protection of ecosystem, stock

regeneration, and avoids deforestation.

Additional design approaches, beyond mere material substitution need to be investigated and deployed
at scale. For instance, designing buildings with a smaller floor area per capita can yield immediate and
significant reductions in material use, embodied and operational energy use, as well as associated
greenhouse gas emissions [14, 15, 75]. As shown in this paper, small changes to the design (e.qg.
removing a partition wall) can reduce embodied energy and greenhouse gas emissions enough to
compensate for the addition of more useful materials that reduce life cycle operational energy use.
Design approaches for a low embodied energy and greenhouse gas emissions need to be tested,

shared and taught to built environment professionals to support their uptake.
5.4 The challenge of mid-rise and high-rise buildings

Achieving a net zero life cycle primary energy and greenhouse gas emissions performance is
significantly affected by the number of stories of a building (see Figure 6), as the on-site generation
capacity per m2 drops significantly with increasing building height. In this study, this level of performance

could just be achieved for a building of up to five storeys, and by installing solar photovoltaic panels on
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the roof and the South facade, which could be shaded in many other situations. The challenge of
achieving net zero life cycle primary energy and greenhouse gas emissions for high-rise buildings is
further compounded by their premium-for-height, with significant additional structural materials and
associated embodied energy and greenhouse gas emissions as height increases [76-78]. For high-rise
buildings, horizontal or vertical axis wind turbines could be further explored for on-site renewable energy
generation, which capitalises on increased wind speeds at height [79], but more life cycle assessment
studies need to be conducted on that possibility. Another approach would be to rely on engineered
timber for high-rise buildings [80] as a means to reduce embodied greenhouse gas emissions (see
Section 5.3 and Head et al. [74]). This still needs further research on structural strengths, achievable

building heights and life cycle assessment.

This raises other questions regarding decisions about having three low-rise buildings compared to one
high-rise building, and planting the remaining land with trees to sequestrate carbon and offset some of
the greenhouse gas emissions of the building. Similarly, questions of population density, viability of
public transport and other parameters that affect the overall life cycle energy use and greenhouse gas
emissions need to be considered [81]. We want to flag that the interplay between building height,
availability of on-site renewable energy, climate and the ability to achieve a net zero life cycle primary
energy and greenhouse gas emissions level of performance has multiple implications for urban planning

and policy.
5.5 Improving the life cycle environmental performance of buildings through policy

Policy has a lot of power in supporting the improvement of the life cycle environmental performance of
buildings, towards reaching net zero life cycle primary energy and greenhouse gas emissions. In light

of our results, we advocate for three main policy actions.

Firstly, it is critical to integrate life cycle embodied environmental flows into any building environmental
performance regulation or certification, as advocated for by multiple scientists for a long time [7, 63, 82-
86], more recently by the World Green Building Council [71] and already implemented in some countries
such as The Netherlands [87]. This is because the embodied energy and greenhouse gas emissions
premium is significant (+36% and +43% in this study), notably when using the comprehensive system
boundaries of hybrid analysis for the compilation of the life cycle inventory. More importantly, in the

context of net zero energy and greenhouse gas emissions buildings (operational only or life cycle) the
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decreasing greenhouse gas emissions intensity of electricity grids can result in the initial embodied

greenhouse gas emissions never being avoided through on-site electricity generation.

In order to decrease embodied environmental flows in buildings and the built environment, we need to
first define a systematic and more transparent manner of conducting comprehensive life cycle
assessments. Environmental Product Declarations are a good step in that direction, but they need to
be much more robust and rely on hybrid analysis to correctly measure a ‘net’ gain or loss in
environmental performance, when comparing to operational flows. Based on this more transparent
information, subsidies could be introduced either for low embodied environmental flows materials or for
certain levels of performance of embodied environmental flows (e.g. less than 400 kgCO2e/m2 for a

particular gross floor area band of residential houses).

Secondly, the financial viability of achieving a net zero life cycle energy and greenhouse gas emissions
performance is currently directly linked to the installation of batteries. Indeed, the additional capital cost
is 74 or 22 USD2020/(m2 of gross floor area) and the net present value is -57 283 USD2020 ( -46
USD2020/(mz of gross floor area)) or 58 448 USD (+47 USD2020/(m2 of gross floor area)) at 50 years,
if we include batteries for the solar array or not, respectively. Batteries alone represent 50% of the total
cost of the photovoltaic solar array. When no batteries are needed, the additional capital cost of the
solar photovoltaic array that avoids life cycle greenhouse gas emissions is paid back within four years
only with an inflation rate of 3.9% and a discount rate of 12.2%. Achieving net zero life cycle primary
energy and greenhouse gas emissions buildings could therefore be financially viable in many locations,
with current electricity tariffs. To further support the adoption of this level of performance, the additional
capital cost could be subsidised, while simultaneously requiring the additional initial embodied
greenhouse gas emissions to meet regulatory benchmarks. There are precedents in terms of schemes
providing a financial subsidy per square metre to help support the uptake of more energy efficient
buildings. For instance, the additional capital cost per square metre in this study (74 or 22 USD2020/(m?
of gross floor area)) is very similar to the level of subsidy provided by the Brussels Capital Region back
in 2010 to achieve a Passive House Standard (50 EUR/m? for new buildings over 150 m2 of gross floor
area) [88]. Providing a smart grid infrastructure that enables selling back electricity without the need for
onsite batteries can significantly reduce the capital and ongoing costs of a solar photovoltaic array that
is large enough to cover life cycle energy use and avoid life cycle greenhouse gas emissions. It is

important to flag that this solution is not applicable to all buildings, as some form of storage would be
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needed at the grid level due to the intermittent nature of solar radiation. Should batteries be
indispensable, subsidising buildings that strive to achieve a positive life cycle environmental

performance would support their uptake, reduce costs through scale and increase awareness.

Thirdly, urban planning policy needs to rely more on science and evidence to guide planning decisions
[89] in order to embrace the complexity of life cycle environmental performance, as advocated for in the
field of health and transport [90] or nature-based solutions [91]. This field is still in its infancy, with very
few studies integrating embodied environmental flows at the city level [92] (e.g. Stephan and
Athanassiadis [93]), but it can yield significant potential. Based on the findings of this paper, there
seems to be a complex relationship between the greenhouse gas emissions intensity of the electricity
grid, the building typology in terms of number of storeys and potential for on-site renewable energy
generation, and the ability to achieve net zero life cycle primary energy and greenhouse gas emissions
building. We can imagine how future neighbourhoods could be planned and policy designed to try and

factor in such relationships, among others.
5.6 Applicability of the results in other countries

Despite the fact that this study occurs in a Lebanese context and is therefore relevant to its climate,
particular (currently dire) economic situation, energy mix, and building typology, a number of findings
are relevant to other countries and contexts. Firstly, the main finding of this paper, i.e. achieving net
zero life cycle primary energy and greenhouse gas emissions buildings is currently possible, is valid for
locations with a Mediterranean climate and a similar greenhouse gas emissions intensity of the
electricity grid (as well as a similar primary energy conversion factor), such as Greece. Using the
sensitivity analysis to reduce the emissions factor of electricity, the adjusted results are applicable to
other locations, inter alia, Israel, Italy, Spain, Tunisia and Turkey, parts of South Australia and California.
Secondly, the life cycle cost results, broadened by the sensitivity analysis are relevant to multiple
economic contexts (discount rate varying between 4-15% and inflation between 2-4.4%). The net
present value of achieving a net zero life cycle primary energy and greenhouse gas emissions building
is negative and needs subsidies. However, when removing batteries from the solar photovoltaic system
(assuming storage on the grid, which is not possible in Lebanon due to the intermittent nature of
electricity), the NPV changes to 47 USD2020/(m?2 of gross floor area), 174 USD2020/(m? of gross floor

area), and 35 USD2020/(mz of gross floor area) for inflation and discount rates of 4% and 12%, 2% and
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4% and 4.4% and 15%, respectively. This makes it economical to achieve a net zero life cycle primary

energy and greenhouse gas emissions in countries outside of Lebanon, where batteries are not needed.
5.7 Limitations and future research

As any scientific endeavour, this paper has limitations. Firstly, it relies on a single case study, which
means that the results are valid for this case study only, even if great care was taken in selecting it as
representative of the building stock it is representing. Secondly, all calculations of energy, greenhouse
gas emissions and costs, forecasted decades into the future, suffer from significant uncertainty. While
a sensitivity analysis was undertaken to mitigate that uncertainty, it can still significantly affect the
results. Thirdly, this study uses the Australian EPIC database to quantify embodied energy and
greenhouse gas emissions. This might result in errors in embodied energy and greenhouse gas
emissions calculations. While the use of Australian data and its potential effects on the results is
discussed thoroughly in Stephan and Stephan [16], we do adopt a conservative approach by using
hybrid data, which provides higher embodied energy and greenhouse gas emissions figures than
process data, making achieving net zero life cycle primary energy and greenhouse gas emissions
apartment buildings harder. In the absence of a global equivalent to the EPIC database, relying on
multi-regional input-output data and process data, we use the most comprehensive database available.
Fourthly, the study does not consider the depletion of rare materials needed to achieve a net zero life
cycle energy and greenhouse gas emissions apartment buildings. Given that large monocrystalline
photovoltaic arrays are installed to reach that level of performance, a significant amount of silver, rare
earth and other depleting materials [94] are needed. Future research is needed to better understand
the effects of upscaling these solutions on material criticality [95]. Despite these limitations, this work
provides new data and knowledge on achieving net zero life cycle energy and greenhouse gas

emissions apartment buildings in a Mediterranean climate.

6 Conclusion

This study has quantified the life cycle energy, greenhouse gas emissions and cost of achieving a net
zero life cycle primary energy and greenhouse gas emissions apartment building in Lebanon, in a
Mediterranean climate. While it is currently possible to achieve that level of performance through the
installation of a large solar photovoltaic array, this is only possible in locations with a very greenhouse

gas emissions intensive electricity grid. A broad sensitivity analysis reveals that it is very hard to
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maintain that level of performance when electricity grids are decarbonised as embodied greenhouse
gas emissions may never be avoided by on-site renewable energy generation. Furthermore, the life
cycle cost of achieving that level of performance are still prohibitive without subsidies if onsite battery
storage is required, regardless of the discount and inflation rates adopted. The paper provides various
recommendations to support the uptake of net zero life cycle primary energy and greenhouse gas
emissions buildings, namely a consistent and better definition, including embodied environmental flows,
subsidising the capital cost and exploring new urban environmental policy and planning pathways and
relationships. This will ultimate contribute to improving the environmental performance of buildings and

help mitigate the current climate emergency.
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Appendix A Calculation of emissions factors for purchasing

electricity in Lebanon

As there is no electricity emissions factor for Lebanon readily available to use, we had to calculate it.
We used the data on average greenhouse gas emissions from fuel combustion for the two main fuels
used to produce electricity in Lebanon, namely heavy fuel oils for the state-owned power plants and
diesel for the privately owned generators. The emission factor is a weighted average of the two and its

calculation is summarised in Table A.1.

Table A.1: Calculation of the greenhouse gas emissions factor of the Lebanese electricity grid

Parameter Value Source

Emissions factor for the combustion of

Department of Climate Change and
heavy fuel oil for the state owned 73.13 kgCO,e/GJ

Energy Efficiency [33]
power plants

Share of electricity delivered from state Based on MEW [56] and consistent
75%

owned power plants with Stephan and Stephan [16]

Emissions factor for the combustion of Department of Climate Change and
69.5 kgCO,e/GJ

diesel for privately-owned generators Energy Efficiency [33]

Share of electricity delivered from Based on MEW [56] and consistent
25%

privately-owned generators with Stephan and Stephan [16]

Average emissions factor for 73.13x0.75+69.5x.025=

Lebanon
72.2225 kgCO,e/GJPRMARY

(equivalent to 0.997

kgcozE/kWhDELIVERED)

In order to confirm the validity of this figure, we used the average emissions factors for public (847
kgCO2e/MWh) and private electricity generation (713 kgCO2e/MWh) in Lebanon, reported in [53] It is
important to note that these emissions factors do not take into account transmission losses and
production losses and are therefore ‘at plant’ and unusable as such. To convert them to emissions per

primary energy unit, we used the plant and generator efficiency from Stephan and Stephan [16] and
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obtained 65.8 kgCO2e/GJPRMARY gand 73.99 kgCO2e/GJIPRIMARY for state-owned power plants and private
generators, respectively. Using a 74% and 26% contribution of state-owned power plants and private
generators to the energy mix, as specified in [53], we obtain an average emissions factor for Lebanese
electricity of 67.77 kgCO2e/GJPRIMARY "which is 6% less than what we used. Given that since 2011, the
contribution of private generators has increased following the business as usual scenario in [53] (the
gap between state-owned electricity generation and demand has increased since 2011), and that the
power plants efficiency is continuing to decrease over time, we estimate that the emissions factor of

72.2225 kgCO2e/GJIPRMARY may not only be more realistic, but might also be conservative.
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Appendix B Details of all investigated measures

Table B.1 provides a summary of all applied measures. For more details on the calculations, notably energy and greenhouse gas emissions figures, please

refer to data files referred to in Section 3.9.

Table B.1: Summary of all investigated measures, including details on calculations

Measure DETAILS NUMBER OF ADDITIONAL COMMENTS ON COST
REPLACEMENTS

OVER 50 YEARS

Install a solar thermal collector | Collector size: 5 m? The installation cost of each solar thermal collector system is 2 300 USD based on three

for each apartment quotes from three different providers. Most of the cost is associated with the vacuum tubes
Collector type: Vacuum tube

(1 200 USD) and heat exchanger (700 USD). The remaining 400 USD cover insulated

Covers: 80% of the domestic hot water 1 . . .
piping and labour cost. From this total cost, we deducted the cost of the electric hot water
demand, the rest are covered by an ) . . o .
cylinder present in the base case since it is not needed anymore. This amounts to 250 USD
electric resistance . . )
which results in a final net cost for the solar collector system of 2 050 USD.
Replace all lighting from compact | Average LED light power: 7W The cost of each 7 W LED light is 8.5 USD compared to 2.5 USD for a 12 W CFL.
fluorescent lights to light emitting . . . . . o
Quantity: 10 lights per apartment LEDs are assumed to be replaced four times even if their average life is around 50 000
diodes 4

hours [56] (leading to a single replacement over 50 years). That is because of the variability
in the voltage in provided electricity that tends to disrupt their electronic circuits and shorten

their lifespan.
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Replace all electric appliances

with energy efficient ones (a+++)

Replace the air conditioning split
systems with energy efficient

ones

Remove radiative heating system

and use air conditioning instead

Replace central shaft by atrium

Remove internal partition wall

between kitchen and living room

Replaces the fridge, washing machine
and television (TV) with high efficiency
A+++ EU-labelled

appliances. See

details in [17].

Quantity: 10

Old CoP?%: 2.5

New CoP: 5.9

Quantity of radiators removed: 10

Quantity of boilers removed: 1

Convert surrounding walls to outer wall
assemblies (painted, not covered with

natural stone).

Increases daylight indoors, reduces

cooling demand in summer.

Wall area: 22.388 m?

Wall area: 19.43m?2

Washing Machine: 2

Fridge: 2

TV: 4

N/A

Paint: 4

N/A
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The cost of new appliances is obtained from a major electronic devices retailer. We selected
the most affordable models meeting the required energy efficiency level. The prices of the

fridge, washing machine and TV are 1 239 USD, 529 USD and 350 USD, respectively.

The price of the energy efficient air conditioning (AC) unit is 450 USD based on quotes from
different suppliers. This compares with an average price of 350 USD for the AC units used
in the BC. The installation cost and maintenance costs are not considered since they are

assumed to be the same as in the BC.

Removing the radiator units from each apartment saves 5 250 USD. This is calculated using
a material cost of 90 USD per radiator, an accessories (e.g. valves) cost of 10 USD per
radiator, a piping cost of 70 USD per radiator, and an installation cost of 70 USD per
radiator. In addition, we use a gas boiler cost of 1200 USD, a boiler installation cost of 150
USD. An additional 1500 USD would be needed for the gas system, including the tank,

pipes, valves and labour.

Converting the central shaft into an atrium requires converting the shaft walls into outer
walls and adding a single window of 1.5m2. This costs an additional 702 USD per
apartment. We use a wall area of 22.388 m2/apartment and a cost of 9.7 USD/m? for the
additional 100 mm thick masonry wall, 4.5 USD/m?2 of plastering (on one side), 6 USD/m?2
of water-based paint, and a cost of 250 USD for the 1.5m2 window. The cost of insulation

is not included here, as it is already accounted for when insulating the building.

This measure saves 1 232 USD per apartment. This is due to removing 19.43mz2 of wall,

costing 9.7 USD/mz for the wall, 4.5 USD/mzfor plastering, and 5.5 USD/m2 for water-based



Replace all ceramic tiles indoors

with stamped concrete

Add insulation in all outer walls

Add photovoltaic panels to roof

Add photovoltaic panels to the

south facade

Floors area: 114.5m?2

Same cost as ceramic tiles

Insulation type: Expanded Polystyrene

Insulation thickness: 100 mm

Panel type: monocrystalline

Panel power rating: 415 W,

Panel size: 2 m2

Orientation: East and West

Slope: 15°

Includes 24 batteries and an inverter

Place panels on the face of balconies and

flower pots only. Slope: 90°, azimuth: 0°

Orientation: South

Other parameters same as above

Panels: 1

Batteries

inverter: 4

Panels: 1

and
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paint. We also save tiling the wall on the kitchen side, at a cost of 23.5 USD/m2 and their

skirting (55 USD). Finally, we also save the cost of a door, at 250 USD per unit.

The cost of stamped concrete is 25 USD/m? and the cost of ceramic tiles is 23.5 USD/m?2.

As such, we adopt a conservative approach and assume no cost savings in this case.

The price of EPS is 66 USD/m?3 based on quotes from different suppliers. The installation

cost is 35 USD/m3 based on internal data from Technical Enterprises Co.

The price for the considered system is based on a quote from an international suppliers.

The total cost of the system is 2.13 USD/W,, including shipping (1.95 USD/W, without
shipping). The solar panels with their mounting system cost 0.303 USD/W, at the factory.
Each tubular gel battery costs 240 USD at the factory. We assume shipping one container
from China containing the panels, batteries and mounting system (a container can
accommodate 360 panels and 420 batteries). The cost of the shipping totals 9558 USD
(5% custom duties, 11% value-added tax, 140 USD stamp fee, 500 USD clearance fee,
1000 USD container shipment from China, 600 USD inland transport by truck). The price
of the inverter is considered as an average 0.15 USD/W,based on current market prices.
Another 0.15 USD/W,, are added for design and installation costs. A final 0.1 USD/W,, is

considered for electrical accessories.

We use the same cost per W,, as for the roof photovoltaic panels, and depending on the
number of storeys (see Table 4). To that, we add savings resulting from not covering the

surface of the panels with natural stone underneath, at a cost of 47 USD/mz2.



Panel area: 64 m2

Combination of all the above + | New annual delivered electricity demand:

convert all operational end-uses | 3 202 kWh Combining all the measures above yields some compounding effects. The total additional

See above

to electricity capital cost per apartment is 11 400 USD and Net Present Value is -7 160 USD.

Total photovoltaic array size per

apartment: 6.588 kW,

5 Note: ANPV= difference in net present value; ALCEE= difference in life cycle embodied energy; ALCEGHG= difference in life cycle embodied greenhouse gas emissions; ALCOPE= difference in

6 life cycle operational energy; ALCOPGHG= difference in life cycle operational greenhouse gas emissions; ALCC= difference in life cycle cost.
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