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Abstract: The Israeli Standard SI5282 rates buildings according to the operational energy (OE) used
to support their heating, cooling, and lighting needs. When it was proposed, OE was generally
considered to be derived from fossil fuels, such as coal. However, at present, Israel is in the process
of transitioning to cleaner energy sources, such as natural gas and renewables. In light of this change,
the question that guided this study was as follows: should the production (P) stage of external
shading devices be taken into account alongside the OE stage? In this study, we aimed to evaluate
the P (environmental damage) and OE (environmental benefit) of five external shading devices with
equivalently high energy rates that were installed in a typical office building using cleaner OE sources.
We evaluated the environmental impacts using the ReCiPe2016 method. The results indicated that
the P stage of the five shading devices led to significantly different degrees of environmental damage,
thus reducing the environmental benefits related to the OE stage. Therefore, the five similarly rated
shading devices could no longer be considered as equivalent sustainable alternatives. As such, we
recommend that the energy rating be supplemented with a P stage environmental evaluation.

Keywords: energy rating; external shading devices; ReCiPe2016; sustainable building design

1. Introduction

At present, addressing environmental concerns about global climate change and re-
source depletion is a top priority of modern society. The construction sector is a significant
consumer of natural resources and produces large amounts of emissions and construction
waste [1]. Buildings influence the environment during each stage of their life cycle, includ-
ing the production (P), operational energy (OE), and demolition (D) stages, which can be
evaluated using life cycle assessment (LCA) methodologies. However, these stages have
different influences on the overall environmental impacts: usually, the P and OE stages are
much more influential than the D stage, and these two main stages are highly dependent on
the local climate, building technologies utilized, and electricity sources for the OE needed
to heat, cool, and light buildings [2].

There are four climatic zones in Israel: a hot Mediterranean climate, an arid climate,
a mild Mediterranean climate, and a desert climate [3]. In all of these climatic zones,
buildings should be thermally insulated accordingly [4]. It is common practice in Israel to
design laminate facades that consist of light insulation materials such as polystyrene and a
heavy thermal mass such as concrete [5]. In the past, Israel has primarily used fossil fuels
for the electricity source needs in the OE, including coal and gas [6].

In 2011, the Standards Institution of Israel (SII)—taking into account these climate
zones, building technologies, and electricity sources—released Standard SI5282 to rate the
OE of buildings. The standard varies OE-influenced design variables, such as insulation,
thermal mass, and external and internal shading devices, and evaluates the energy rating
of buildings. To achieve the required OE rating, building practitioners can work according
to the prescriptive/descriptive approach or the performance approach. The former allows
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for the use of prescribed sets as design variables, whereas the latter measures OE efficiency
using a reference base case building. As a result, buildings can be rated using six ranks of
OE performance, from level F (worst) to level A+ (best), ranging through D, C, B, and A [7].

This OE-oriented standardization was justified at the time, as highly polluting fossil
fuels served as the main source for electricity production in Israel. In this context, one
group of authors [8] carried out the LCAs of local Israeli wall technologies found in typical
residential buildings, including concrete, regular concrete blocks, lightweight concrete
blocks, and autoclaved aerated blocks, and reported that when non-renewable natural gas
was used to fulfill the needs of the OE stage, the shares of environmental damage related to
the P and OE stages were 15% and 85%, respectively. However, the authors also considered
renewable solar energy (photovoltaic panels, PV) for the OE needs and observed opposite
values for the P and OE stages, at 70% and 30%, respectively.

Pushkar and Yezioro [9] analyzed the energy rates of a typical office building located
in Tel Aviv (hot Mediterranean climate) according to SI5282-2 alongside an LCA (P and OE
stages). The design variables included different wall technologies with different sizes of
windows. Two electricity sources that were more and less coal-dependent were applied for
the OE needs. The authors showed that the P + OE results for these building technologies
contradicted the SI5282-2’s energy ratings; this contradiction was especially prominent
when less coal-dependent electricity sources were used in the OE stage. As a result, Pushkar
and Yezioro [9] recommended that when evaluating wall technologies using the SI5282-2
energy rating, the P stage should not be neglected.

According to SI5282-2, the external shading device is the next design variable that
must be assessed [7]. This is due to the high levels of solar radiation in Israel, which are
observed in all four climatic zones almost year-round [10]. It should be noted that shading
devices have mostly been studied as a means of reducing the cooling energy and protecting
individuals from discomfort due to glare in the OE stage caused by high solar gains in
buildings located in hot and dry, hot, mild, tropical, semiarid, humid subtropical, and
continental climates [11–15]. In Israel, similar to many other areas around the world, the
energy and daylighting performance (OE stage) of external shading devices are the main
focus of the existing literature. For example, Perez and Capeluto [16], in their search for
building design variables that had a significant influence on the energy needs of a typical
school room, reported that the influence of the window shading variable was comparable
to that of wall insulation. Grobman et al. [17] studied the influence of static and dynamic
external shading devices on the daylighting performance of a typical office space in a
Mediterranean climate and noted that, when compared with static shading, dynamic
shading increased the adjusted useful daylight illuminances by up to 51%. Yezioro and
Capeluto [18] proposed the ENERGYui model, which can evaluate energy according to the
SI5282-2 standard by changing the design variables; external shading is considered to be
among the important architectural geometric parameters.

However, the aforementioned studies focused only on OEs and neglected the other
LCA-related stages, P and D. Very few of the studies used LCA to evaluate shading devices
with a more holistic approach. Huang et al. [19] analyzed the life cycle energy assessments
(LCEAs) of typhoon-resistant external overhang shading structures composed of aluminum
and fiberglass in a university campus building in Hong Kong, and the authors reported that
around 50 years of OE savings would be needed to offset their production, transportation,
construction, and disposal energy. Stazi et al. [20] estimated the LCAs of aluminum and
narrowly spaced horizontal wooden louvers in Italy, which has a typical Mediterranean
climate. The narrow spacing increased the artificial light needed for the OE stage and
increased the energy needed for the production, use, and end of life of these shading
devices. Babaizadeh et al. [21] studied the LCAs of five external shading devices composed
of different combinations of horizontal overhangs and vertical fins in residential buildings
located in hot-humid (Miami), mixed-humid (Atlanta), marine (Seattle), cold (Chicago),
and very cold (Duluth) climates in the US. Various materials, including aluminum, wood,
and polyvinyl chloride (PVC), were analyzed. The authors [21] concluded from their
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results that the shares of the OE and P/D stages were approximately equal in terms of
the acidification, eutrophication, damage to human health, and ecological toxicity impacts.
Mifsud et al. [22] evaluated the LCEAs of three louvers and two meshed stainless steel and
aluminum systems (22 configurations in total) in the Mediterranean region of Malta; they
reported that only two mesh configurations displaced the offset of the OE stage in their
production and transportation stages.

LCA-based studies have shown that the P stage associated with external shading
devices can be significant and almost equal to their OE stage. However, these studies
covered different shading configurations, materials, and climate zones. Therefore, the
results of these studies are very difficult to compare and adapt to the office buildings in
Israel’s Mediterranean climate, where concrete or aluminum external shading devices
are commonly used due to the fact that most building materials commercially available
in Israel are concrete based [23]. To address this gap, Pushkar [23] evaluated both the
environmental damage (P stage) and environmental benefit (OE stage) of external shading
devices for a standard building unit located in Tel Aviv, Israel. Different combinations of
shading components, as suggested by the SI5282-2 standard, were analyzed for the south,
west, and east directions. It was found that 65–100% of the building’s OE saving benefit
was required to compensate for the environmental damage resulting from the P stage of the
shading devices. However, the OE stage was only evaluated using a hypothetical 100% PV
electricity fuel source, omitting the actual current fuel composition situation in Israel, which
includes a mixture of different shares of fossil and renewable fuel sources. Moreover, the
author considered only a typical building module and evaluated shading devices within
three completely different energy rating groups.

Thus, an evaluation of the P and OE stages—taking into account the current mixing
of fuels for electricity—of alternative shading devices installed in a typical office building
located in Israel with similar SI5282 energy ratings has not yet been completed. We
hypothesized that the concrete-based external shading devices and aluminum-based light
shelf devices that are usually installed in concrete-heavy buildings in Israel might result
in increased environmental damage in the P stage [23], while the transition from high-
pollution fossil sources to low-pollution renewable sources—reflecting the current reality
in Israel—might result in decreased environmental damage during the OE stage [9]. It
should be noted that concrete and aluminum are the most commonly used materials in
the construction sector for those purposes at present, especially for office buildings. The
main reasons for their use are, for instance, their relatively easy maintenance and durability.
Nevertheless, there are cases where other materials can be implemented, such as glass,
fabrics, and wood. However, they are less commonly used for office buildings in Israel.

Thus, this study aimed to evaluate the environmental damage resulting from the P
stage and the environmental benefit resulting from the OE stage of external shading devices
with equivalently high energy ratings (B and A) installed in a typical office building in
Tel Aviv under the current and future Israeli energy sources for OE needs. This research
continues to develop the idea of the integration of P stage energy design variables into the
energy standards, thereby improving building sustainability from an LCA point of view.

The joint consideration of the P and OE stages during a preliminary environmental
analysis of the use of external shading devices in typical Israeli office buildings is a novelty
of this study, particularly in the face of a rapid transition from fossil fuel energy use to
renewable energy use to fill the OE demands. In light of recent authoritative studies
such as [24] which discusses the “unsustainable direction of green building codes”, the
originality and topicality of this study are realized through the application of an LCA as a
mandatory procedure for the further improvement of Israeli Standards.
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2. Materials and Methods
2.1. Research Framework

We focused on the LCAs of external shading devices applied to a representative office
building placed in the hot Mediterranean climate of Israel. As depicted in Figure 1, the
studied building was 52 × 23 × 18.5 m, with a standard office depth of 8.2 m.
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Figure 1. Representative office building in Israel: the building as a whole (left) and the building
plan (right).

We studied the southwest (SW) façade as this direction is typically exposed to high
solar radiation in Israel [25]. The evaluated shading devices were designed with different
combinations of horizontal overhang (H), vertical (V) fins, and light shelves (L), with two
basic depths: 0.8 m for small (s) and 1.2 m for large (l) components. Figure 2 shows the
base case (without shading) and the five shading devices adopted from Israeli Standard
SI5282-2 [7] for the energy rating of buildings: large horizontal overhang (Hl), large light
shelf (Ll), small horizontal overhang with a small light shelf (Hs-Ls), large horizontal
overhang with small vertical fins (Hl-Vs), and small vertical fins with a small light shelf
(Vs-Ls). According to local Israeli technologies, concrete was selected for the horizontal
overhang and vertical fin components, while aluminum was selected for the light shelf [23].
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Figure 2. The base case (without shading) and large horizontal overhang (Hl), large light shelf (Ll),
small horizontal overhang with small light shelf (Hs-Ls), large horizontal overhang with small vertical
fins (Hl-Vs), and small vertical fins with small light shelf (Vs-Ls) external shading devices.

We evaluated the P and OE stages of the five shading devices using a two-step
procedure. Firstly, OE stage evaluations were conducted using the ENERGYui model [18].
In this step, we determined the difference between the OEs (heating, cooling, ventilation,
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and lighting) of the SW-facing offices shaded using each of the five studied shading
alternatives, as well as that of the offices without shading (the base case). Secondly, we
conducted evaluations of the environmental damage (P stage) and environmental benefit
(OE stage) of the SW-facing shading alternatives using the midpoint and endpoint single-
score results from the ReCiPe 2016 method [26]. See Sections 2.2 and 2.3 for the detailed
explanations of these steps.

2.2. Energy Assessment

We used the SI5282-2 guidelines to design the building [7]. The building was oriented
in the southwest–northeast (SW–NE) direction (Table 1). For the construction of the building
components, we considered local building technologies based on concrete (Table 2) [9]. The
areas of the windows were set as follows: 83 m2 for the NE and SW windows; and 28 m2

for the SE and NW windows. For the southwest façade, we used Hl, Ll, Hs-Ls, Hl-Vs, or
Vs-Ls shading devices, while for the other façades, we used Hl shading devices.

Table 1. Main parameter settings for the OE stage evaluations.

Parameter Setting

Location Tel Aviv
Main façade orientation Southwest–northeast (SW–NE)
Typical SW office floor 360 m2

People 8 people/m2

Constant load 0.4 W/m2

Non-constant load 8 W/m2

Lighting 9 W/m2

Mechanical system Ideal system heating/cooling load calculation
Heating setpoint; cooling setpoint 20.5 ◦C; 23.5 ◦C

Infiltration 1 ach

Table 2. Building technologies for the OE stage evaluations.

Component Thermal Conductivity (W/m2 K)

Concrete-based roof U = 0.60
Concrete-based ground floor U = 1.12
Concrete-based internal floor U = 3.53

Concrete block-based interior walls U = 2.60
Concrete-based exterior walls U = 0.54

LowE glass, SHGC = 0.52, VT = 0.6 U = 2.50

We first estimated the OE (kilowatt hour/meters2 per year) and SI5282-2 energy
rate of the SW-facing offices without shading devices (base case) and with each of the
applied shading devices (five shading alternatives) using the ENERGYui model, which
was developed for determining building energy ratings in Israel [18]. The ENERGYui
model contains a local materials library and is based on the EnergyPlus simulation model
designed by the U.S. Department of Energy [27]. Afterwards, we evaluated the difference
between the OEs of the SW-facing offices under each of the five shading alternatives, as
well as that of in the base case. The calculations were performed for each of the five floors.

2.3. Environmental Damage (P Stage) and Environmental Benefit (OE Stage)

In the second step, we evaluated the P and OE stages according to the LCA method-
ology. The end of life stages (i.e., demolition and waste treatment) were excluded from
the LCA framework in the present study due to their negligible contribution to the whole
LCA [28]. Thus, according to the International Organization for Standardization [29], the
LCA of the P and OE stages included: (i) the goal and scope (definition of a functional unit
(FU) and system boundaries); (ii) the life cycle inventory (LCI); (iii) the life cycle impact
assessment (LCIA); and (iv) the interpretation.
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2.3.1. Goal and Scope

Our goal was to compare the environmental evaluations of the Hl, Ll, Hs-Ls, Vl-Vs, and
Vs-Ls shading devices with respect to their P (damage) and OE (benefit) stages. To evaluate
both the P and OE stages, we defined a functional unit (FU) as a typical intermediate floor
and its associated OE was 50 years. The P stage included the production of the concrete
and aluminum shading components and their transportation to the building site. The
construction of building shading components was excluded from the P stage due to the
negligible amount of energy needed for the construction of the horizontal overhang and
vertical fin components (e.g., for concrete placing and vibrating in place [30]); we also
assumed that the light shelf component was manually installed. The OE was assumed to be
produced from 31% coal, 56% natural gas, and 13% PV (2020) or from 8% coal, 57% natural
gas, and 35% PV (2025) [31], as denoted below by OE2020 and OE2025, respectively.

2.3.2. Life Cycle Inventory (LCI)

For the P stage of the shading components, we evaluated the total quantities of cement,
gravel, sand, water, and aluminum as well as the transportation distances. The material
quantities were calculated based on the two relevant basic depths (0.8 m for small and
1.2 m for large shading components) and thicknesses (0.05 and 0.005 m for concrete and
aluminum components, respectively). For the transportation of gravel and sand from
aggregate quarries and cement from a cement plant to a concrete batching plant, we
assumed distances of 50 and 100 km, respectively. For the transportation of ready-mixed
concrete from batching plants to the building site, we assumed a distance of 20 km [32].
Finally, for the transportation of aluminum light shelves from distributors to the building
site, we assumed a distance of 100 km [23].

The LCI of the materials used and their transportation (P stage) and electricity produc-
tion were modeled based on the ecoinvent v3.2 database using the SimaPro platform [33].
Table 3 details the adopted ecoinvent v3.2 database.

Table 3. LCI data (ecoinvent v3.2 database [33]).

Materials/Energy Data Source

P Stage

Cement Portland calcareous cement, at plant/CH
Gravel Gravel, crushed, at mine/CH
Sand Sand, at mine/CH
Water Tap water, at user/CH

Aluminum Aluminum extrusion profile/RER
Transportation Lorry transport; Euro 0, 1, 2, 3, 4 mix; 22 t total weight; 17.3 t

OE Stage

Energy
Hard coal/ES

Natural gas/ES
PV/CH

The cement and energy database was modified according to the local cement composi-
tion (P stage) and electricity fuel composition in the OE2020 and OE2025 values reported
for Israel. These data were considered appropriate for the comparative evaluation of the
shading alternatives, which were produced using the same composite materials (i.e., con-
crete and aluminum), while the OE was produced from the same fuels (i.e., from OE2020
and OE2025).

2.3.3. Life Cycle Impact Assessment

The difference between the midpoint and endpoint single-score methods is the degree
of uncertainty [26]. Midpoint results have a relatively small uncertainty, while endpoint re-
sults have a relatively large uncertainty. However, the midpoint results include 22 variables,
and these variables can have a different tenancy, which makes the interpretation of results
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difficult; endpoint results have only six variables, and they can be easily interpreted. In the
present study, we used both methods to exploit the strengths of each.

For the LCIA of the shading devices, we used ReCiPe2016 midpoint and endpoint
evaluations. At the midpoint level of the evaluation, the four representative midpoint
impacts were global warming potential, ionizing radiation, terrestrial ecotoxicity, and
human non-carcinogenic toxicity. These impacts were selected due to their high relevance
to cement and aluminum production, transportation, and fossil fuel-based electricity [33].
These factors were evaluated using a hierarchist (H) perspective in consideration of the
environmental problems.

The hierarchist perspective is one of three perspectives suggested by ReCiPe2016;
it evaluates emissions with lifetimes of 100 years. The other two perspectives, the indi-
vidualist (I) and egalitarian (E), evaluate emissions with short lifetimes (20 years) and
extensive lifetimes (1000 years), respectively. Thus, at the endpoint level of the evaluation,
we decided to use all three perspectives for the evaluation of the environmental problems
(i.e., I, H, and E). Each of these perspectives aims to analyze the damage to human health,
ecosystem quality, and resources.

As a final step, ReCiPe2016 allowed us to obtain single-score evaluations by applying
the average (A) and perspective-relevant I, H, and E weighting sets in order to assess the
damages to human health, ecosystem quality, and resources [33]. Thus, for the endpoint
single-score evaluations of the shaded devices, we used the individualist/average (I/A),
hierarchist/average (H/A), egalitarian/average (E/A), individualist/individualist (I/I),
hierarchist/hierarchist (H/H), and egalitarian/egalitarian (E/E) methodological options in
the ReCiPe2016 method.

2.4. Research Design
2.4.1. Research Method

We used a two-stage nested mixed analysis of variance (ANOVA) model, as the
ReCiPe2016 single-score results (i.e., the I/A, H/A, E/A, I/I, H/H, and E/E methodological
options) had a two-stage nested design structure. This two-stage nested ANOVA model
includes the following statistical objects: sampling frame, primary sampling unit, subunits,
and individual subunits. The sampling frame is the collection of all elements (primary
sampling units) that are available for sampling in the population of interest, where a
primary sampling unit includes two or more subunits, and a subunit contains two or
more individual subunits. Measurements were collected from the individual subunits [34].
Figure 3 shows the two primary sampling units: the ReCiPe2016 single-score results of
alternative 1 and alternative 2. The primary sampling unit included two subunits—namely,
the particular and average weighting sets—and each subunit included three individual
subunits, giving a total of six methodological options. This design structure was recently
used to evaluate a green building rating system [9].

2.4.2. p-Value Interpretation

We used neo-Fisherian significance assessments (NFSAs) instead of paleo–Fisherian
and Neyman–Pearson paradigms to interpret the p-value using a three-valued logic: “It
seems to be positive” (i.e., there seems to be a difference between alternatives), “it seems
to be negative” (i.e., there does not seem to be a difference between alternatives), and
“judgment is suspended”, which was conducted with respect to the difference between
the two alternatives [35]. This p-value interpretation was recently used to evaluate a green
building rating system [9].
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Figure 3. Two-stage nested hierarchical model with the six methodological options using the
ReCiPe2016 results.

3. Results
3.1. OE Stage Evaluations

It can be seen from Table 4 that the three intermediate floors (2–4) presented the same
energy rate scores: F for the base case, A for the Hl and Ll devices, and B for the Hs-Ls, Hl-Vs,
and Vs-Ls devices. Therefore, we selected floor 3 as a typical example for the following
LCAs of the P and OE stages. It should be noted that, for this typical floor, the application of
each of the five shading devices resulted in the highest (A and B) energy ratings.

Table 4. Operational energy and SI5282-2 energy rate of the southwest-facing offices shaded with
external shading devices.

Alternative
Operational Energy, kWh/m2·Year (SI5282-2 Energy Rate)

1st Floor 2nd Floor 3rd Floor 4th Floor 5th Floor

Base case 42.5 (F) 43.1 (F) 43.1 (F) 43.1 (F) 46.9 (F)
Hl 25.2 (B) 24.0 (A) 24.0 (A) 24.0 (A) 28.3 (A)
Ll 24.9 (B) 24.2 (A) 24.2 (A) 24.2 (A) 28.1 (A)

Hs-Ls 27.2 (C) 25.8 (B) 25.8 (B) 25.8 (B) 29.8 (B)
Hl-Vs 28.1 (C) 27.0 (B) 27.0 (B) 27.0 (B) 31.5 (C)
Vs-Ls 26.0 (B) 25.9 (B) 25.9 (B) 26.1 (B) 29.7 (B)

Italic font: Typical intermediate floor (floor 3) selected for the further P and OE stage evaluations according to the LCA.

3.2. Environmental Damage (P Stage) and Environmental Benefit (OE Stage) Evaluations
3.2.1. Preliminary Evaluations of Materials (P Stage) and Energy (OE Stage)

Table 5 shows the amount of materials used for the typical floor in the production
of each of the five shading devices and their transportation data in the P stage (positive
numbers indicate the potential environmental damage of the applied devices with respect
to the base case); the table also features the energy used in the OE stage to fulfil the needs
of the offices shaded with each of the five shading devices (negative numbers indicate the
potential environmental benefit of the applied devices with respect to the base case).

Concrete mixture components were evaluated based on data presented by Pushkar and
Verbitsky [36] (30 MPa 28-day compressive strength of normal concrete, CEM I: Portland
cement 364 kg, gravel 1168 kg, sand 618 kg, and water 200 kg).

3.2.2. Environmental Impacts: ReCiPe2016 Midpoint Evaluations

It can be seen from Figure 4 that, in terms of global warming potential and terrestrial
ecotoxicity, the ranking (in ascending order) of the environmental damage associated with
the shading devices was as follows: Hl, Hl-Vs, Ll and Hs-Ls, and Vs-Ls. However, when
considering the ionizing radiation and human non-carcinogenic toxicity, the ascending
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ranking differed: Hl, Ll, Hs-Ls, Vs-Ls, and Hl-Vs. Thus, considering the different impacts
led to different environmental rankings for the five shading devices.

Table 5. Materials and transportation (P stage) and energy (OE stage) of the southwest-facing offices
shaded with external shading devices (typical floor).

Materials/Energy
External Shading Devices

Hl Ll Hs-Ls Hl-Vs Vs-Ls

Production Stage

Cement (kg) 11,320 – 7535 20,857 9537
Gravel (kg) 36,325 – 24,178 66,926 30,602
Sand (kg) 19,220 – 12,793 35,411 16,192
Water (kg) 6220 – 4140 11,460 61,570

Aluminum (kg) – 8392 5594 – 5594
Transportation (tkm) 10,742 1678 8270 19,792 10,168

Operational Energy Stage

Energy (kWh/360 m2·50 year) −343,800 −340,200 −311,400 −289,800 −309,600
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shelf (Hs-Ls), large horizontal overhang with small vertical fins (Hl-Vs), and small vertical fins with
small light shelf (Vs-Ls) external shading devices, evaluated using the ReCiPe2016 midpoint method
and hierarchist (H) perspective.

When analyzing the contributions of the concrete components, aluminum, and trans-
portation to the environmental impacts, aluminum was the most influential, followed by
cement and gravel production; the impacts of transport, water, and sand were almost
negligible. These contributions were as expected. It is well-known from the literature that
aluminum production has a strong environmental impact [37]. Portland cement was also
recognized as the component of concrete with the highest environmental impact [38].

Figure 5 shows the four impacts of OE2020 associated with the application of each of
the five shading devices with respect to the base case (without shading). For the global
warming potential, ionizing radiation, terrestrial ecotoxicity, and human non-carcinogenic
toxicity, the ranking was the same; for environmental benefit, the descending order was as
follows: Hl, Ll, Hs-Ls, Vs-Ls, and Hl-Vs.
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When considering the contribution of electricity fuel sources to the environmental
impacts, coal was the most influential followed by natural gas, whereas PV was the lowest.
These contributions were as expected. It is well-known from the literature that non-
renewable fossil coal is the most environmentally harmful source of electricity production,
followed by non-renewable fossil natural gas; in contrast, renewable PV is one of the most
environmentally harmless electricity sources [39].

Figure 6 shows the global warming potential, ionizing radiation, terrestrial ecotoxicity,
and human non-carcinogenic toxicity impacts resulting from the OE2025 needs associated
in the application of each of the five shading devices with respect to the base case (without
shading). According to the results, the ranking of the shading devices, in descending order
of environmental benefit, was the same as in the case for an OE based on fuel sources in
2020: Hl, Ll, Hs-Ls, Vs-Ls, and Hl-Vs.
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Figure 6. Environmental impacts resulting from the operational energy (OE stage benefit) of the
large horizontal overhang (Hl), large light shelf (Ll), small horizontal overhang with small light shelf
(Hs-Ls), large horizontal overhang with small vertical fins (Hl-Vs), and small vertical fins with small
light shelf (Vs-Ls) external shading devices, evaluated using the ReCiPe2016 midpoint method and
hierarchist (H) perspective (OE 2025).

However, when compared with the case of OE2020 (Figure 5), the benefit obtained
by using the shading devices was decreased in the case of OE2025 (Figure 6). This is
because generating electricity from less-polluted sources leads to a decreased influence of
the impact of the OE stage on the full LCA of the shading devices. Moreover, compared
with the impacts of OE2020 (Figure 5), the impacts of OE2025 from coal decreased, while
those related to natural gas and PV increased (Figure 6). This was due to the expected
decrease in the share of coal (8%) by 2025, accompanied by increased shares of natural gas
and PV (57% and 35%, respectively).
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Figure 7 shows the four impacts of the P and OE (based OE2020) stages of the five
shading devices, evaluated with respect to the base case (without shading). The application
of the five shading devices resulted in environmental benefits in terms of global warming
potential, terrestrial ecotoxicity, and human non-carcinogenic toxicity impacts. The ranking
of the shading devices, in descending order of environmental benefit, was as follows: Hl,
Ll, Hs-Ls, Vs-Ls, and Hl-Vs. This ranking followed the OE2020 ranking, indicating that
the environmental benefit (OE stage) still took precedence over the environmental damage
(P stage) caused by the analyzed shading devices.
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Figure 7. Environmental impacts resulting from the production and transportation damage and
operational energy benefit (P and OE stages) of the large horizontal overhang (Hl), large light shelf
(Ll), small horizontal overhang with small light shelf (Hs-Ls), large horizontal overhang with small
vertical fins (Hl-Vs), and small vertical fins with small light shelf (Vs-Ls) external shading devices,
evaluated using the ReCiPe2016 midpoint method and hierarchist (H) perspective (OE2020).
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In terms of ionizing radiation, the Hl, Hl, and Hs-Ls devices also showed environmen-
tal benefits, whereas the Hl-Vs and Vs-Ls devices resulted in environmental damage. The
Hl-Vs device used a large quantity of cement, while the Vs-Ls device used large quantities
of both cement and aluminum. As described earlier, the production of these two building
materials is well-known to be an environment-polluting process [38,39]. Thus, the P stages
of the Hl-Vs and Vs-Ls devices were revealed to dominate their OE stages.

Figure 8 shows the P and OE (based on OE2025) impacts of the five applied shading
devices evaluated with respect to the base case (without shading). Again, in terms of
the global warming potential, terrestrial ecotoxicity, and human non-carcinogenic toxicity
impacts, all five shading devices resulted in environmental benefits, with the same ranking
as that noted in the case of P and OE (based on OE2020). However, in terms of the ionizing
radiation, the application of all five shading devices resulted in environmental damage.
This supports the fact that as power sources become less polluted, the influence of the
P stage begins to take precedence over the OE stage.
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3.2.3. Environmental Damage: Evaluation of the Six ReCiPe2016 Methodological Options

Figure 9 illustrates that the different methodological options led to different rankings
with respect to the environmental damage cause by the shading devices. The overall
ranking can be stated as follows: Ll, Hl/Hs-Ls, Vs-Ls, and Hl-Vs.
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Figure 9. Environmental damage resulting from the production and transportation (P stage damage)
of the large horizontal overhang (Hl), large light shelf (Ll), small horizontal overhang with small light
shelf (Hs-Ls), large horizontal overhang with small vertical fins (Hl-Vs), and small vertical fins with
small light shelf (Vs-Ls) external shading devices.

Taking into account the statistical results presented in Table 6, the ranking can be
reorganized as follows: Ll, Hl and Hs-Ls, Vs-Ls, and Hl-Vs. The environmental dam-
age resulting from the shading devices significantly differed from one device to another.
This means that only the Hl and Hs-Ls devices can be viewed as leading to the same
environmental damage.

Table 6. p-values: paired differences between the production stage of the large horizontal overhang
(Hl), large light shelf (Ll), small horizontal overhang with small light shelf (Hs-Ls), large horizontal
overhang with small vertical fins (Hl-Vs), and small vertical fins with small light shelf (Vs-Ls) external
shading devices.

External Shading Devices
External Shading Devices

Hl Ll Hs-Ls Hl-Vs Vs-Ls

Hl X 0.0013 0.1473 0.0007 0.0082
Ll X 0.0012 0.0005 0.0009

Hs-Ls X 0.0011 0.0164
Hl-Vs X 0.0021
Vs-Ls X

Note: Bold font: seems to be positive; regular font: seems to be negative.

Figure 10 shows the environmental benefit of the shading devices resulting from the
OE2020 and OE2025 cases. The ranking of the shading devices, in descending order of
environmental benefit, was as follows: Hl, Ll, Hs-Ls, Vs-Ls, and Hl-Vs.

However, according to the statistical results presented in Table 7, there were no differ-
ences in the environmental benefits of the evaluated shading devices. This suggests that
these five alternatives can be viewed as shading devices that cause the same environmental
damage. This is because the Hl, Ll, Hs-Ls, Vs-Ls, and Hl-Vs shading devices were given
the two highest SI5282-1 energy ratings (i.e., A or B; see Table 4).
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Figure 10. Environmental damage resulting from the operational energy (OE stage benefit) of the
large horizontal overhang (Hl), large light shelf (Ll), small horizontal overhang with small light
shelf (Hs-Ls), large horizontal overhang with small vertical fins (Hl-Vs), and small vertical fins with
small light shelf (Vs-Ls) external shading devices. Analysis performed using the (a) OE2020 and
(b) OE2025 cases.

Table 7. p-values: paired differences between the operational energy stage of the large horizontal
overhang (Hl), large light shelf (Ll), small horizontal overhang with small light shelf (Hs-Ls), large
horizontal overhang with small vertical fins (Hl-Vs), and small vertical fins with small light shelf
(Vs-Ls) external shading devices.

External Shading Devices External Shading Devices

OE2020 Hl Ll Hs-Ls Hl-Vs Vs-Ls

Hl X 0.8023 0.1359 0.0515 0.1240
Ll X 0.1636 0.0579 0.1482

Hs-Ls X 0.2157 0.9017
Hl-Vs X 0.2412
Vs-Ls X
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Table 7. Cont.

External Shading Devices External Shading Devices

OE2025 Hl Ll Hs-Ls Hl-Vs Vs-Ls

Hl X 0.8002 0.1172 0.0446 0.1048
Ll X 0.1400 0.0498 0.1240

Hs-Ls X 0.1916 0.8742
Hl-Vs X 0.2191
Vs-Ls X

Note: Regular font: seems to be negative; italic font: judgment is suspended.

Figure 11 shows that the different methodological options led to different rankings
for the environmental benefit of the shading devices. Nonetheless, in both the OE2020 and
OE2025 cases, the ranking was as follows: Hl, Ll, Hs-Ls, Vs-Ls, and Hl-Vs.
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Figure 11. Environmental damage resulting from the production and transportation damage and
operational energy benefit (P and OE stages) of the large horizontal overhang (Hl), large light shelf
(Ll), small horizontal overhang with small light shelf (Hs-Ls), large horizontal overhang with small
vertical fins (Hl-Vs), and small vertical fins with small light shelf (Vs-Ls) external shading devices.
Analysis performed using the (a) OE2020 and (b) OE2025 cases.
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Taking into consideration the statistical results presented in Table 8, the ranking was
reorganized. In the case of OE based on OE2020, the shading devices could be ranked in
descending order of environmental benefit as follows: Ll; Hl, Hs-Ls, and Vs-Ls; and Hl-Vs.
In this case, according to the P and OE stages, only three of the five shading devices (Hl, Hs-
Ls, and Vs-Ls) could be considered as having similar environmental benefits. The two other
shading devices (Ll and Hl-Vs) had differing environmental benefits from each other; they
also differed from the former three devices that shared the same environmental benefit.

Table 8. Production and transportation damage and operational energy benefit (P and OE stages):
p-values of paired differences between large horizontal overhang (Hl), large light shelf (Ll), small
horizontal overhang with small light shelf (Hs-Ls), large horizontal overhang with small vertical fins
(Hl-Vs), and small vertical fins with small light shelf (Vs-Ls) external shading devices.

External Shading Devices External Shading Devices

P + OE2020 Hl Ll Hs-Ls Hl-Vs Vs-Ls

Hl X 0.0808 0.2526 0.0086 0.1006
Ll X 0.0303 0.0057 0.0202

Hs-Ls X 0.0102 0.3051
Hl-Vs X 0.0122
Vs-Ls X

P + OE2025 Hl Ll Hs-Ls Hl-Vs Vs-Ls

Hl X 0.0061 0.0965 0.0108 0.2315
Ll X 0.0063 0.0328 0.0041

Hs-Ls X 0.0148 0.0306
Hl-Vs X 0.0066
Vs-Ls X

Note: Bold font: seems to be positive; regular font: seems to be negative.

For the case of OE2025, the shading devices can be ranked, in descending order
of environmental benefit, as follows: Ll, Hs-Ls, Hl and Vs-Ls, and Hl-Vs. In this case,
according to the P and OE stages, only two of the five shading devices (Hl and Vs-Ls) could
be considered as having similar environmental benefits. The three other shading devices
(Ll, Hs-Ls, and Hl-Vs) had varying environmental benefits, differing from each other and
from the devices with similar environmental benefits.

These results contradict the SI5282 energy rate standard, which recommends that all
five shading devices be considered as equal alternatives (Table 4). This contradiction is due
to the P stage of the shading devices becoming more influential as the OE-related electricity
sources shift towards less-polluting alternatives, thereby lessening the influence of the
OE stage.

In addition, when comparing the impact of energy sources between 2020 and 2025 on
the LCA results of office buildings in Israel, all five external shading devices showed that
the OE stage dominated the P stage in absolute terms (Figures 9 and 10). Thus, the results of
the LCA verified the environmental benefits of using external shading devices (Figure 11).
These results differ from previous studies on the LCA of external shading devices, such
as those presented by Huang et al. [19] and Babaizadeh et al. [21], which concluded that
the environmental influences were about the same in the OE and P stages. The present
results considerably differ from the results presented by Mifsud et al. [22], who concluded
that only two shading devices out of twenty-two configurations showed the predominance
of the OE stage over the sum of the stages from their production and transportation. The
reason for this discrepancy lies in the different external shading devices, different materials,
and different climatic zones considered in this study and similar studies by other authors.
This verifies the need for this study to be conducted in the Mediterranean climate of Israel,
where typical office buildings use concrete or aluminum external shading.
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4. Conclusions

This study aimed to evaluate the environmental damage related to the P stage and the
environmental benefit of the OE stage for five alternative shading devices recommended
by the Israeli Standard SI5282. The five selected shading devices (with A and B energy
ratings), composed of different combinations of concrete-based horizontal overhangs and
vertical fins and aluminum-based light shelves, were Hl, Ll, Hs-Ls, Hl-Vs, and Vs-Ls.
For the OE needs, we considered the electricity sources relevant in 2020, as well as those
planned for 2025. The results were evaluated based on a (i) ReCiPe2016 midpoint impact
assessment and (ii) ReCiPe2016 endpoint single-score damage assessment. The following
results were revealed:

(i) In the ReCiPe2016 midpoint impact assessment, the P stage evaluation indicated
that, in terms of global warming potential and terrestrial ecotoxicity, the ranking (in
ascending order of environmental damage) of the five shading devices differed from
their ranking when considering the ionizing radiation and human non-carcinogenic
toxicity. The OE stage evaluation demonstrated that the ranking of the shading
devices (in descending order of environmental benefit) had the same tenancy when
considering the four aforementioned impacts. The results of the P and OE stage
evaluations of the five shading devices showed environmental benefits in terms of
global warming potential, terrestrial ecotoxicity, and human non-carcinogenic toxicity
impacts and environmental damage in terms of ionizing radiation.

(ii) In the ReCiPe2016 endpoint single-score damage assessment, the P stage evaluation
showed that only two shading devices had the same environmental damage (Hl and
Hs-Ls), while the other shading devices (Ll, Hl-Vs, and Vs-Ls) significantly differed
from each other, as well as from Hl and Hs-Ls. The OE stage evaluation demonstrated
that the five shading devices had the same environmental benefit; these results were
confirmed for both electricity fuel source scenarios (i.e., OE2020 and OE2025). The P
and OE stage evaluations of the five shading devices indicated that, under OE2020,
only Hl, Hs-Ls, and Vs-Ls had similar environmental benefits, while under OE2025,
only Hl and Vs-Ls had similar environmental benefits. The rest of the shading devices
differed significantly from one another as well as from the group with similar benefits.

Thus, we concluded that the alternative shading devices recommended by Israeli
Standard SI5282, as well as alternatives with similar energy rates, should be considered
with caution, and their relevant P stage environmental assessments should be taken into
account for correct P and OE stage evaluations. In particular, we recommend that the
SI5282 energy rating be supplemented with P stage data for external shading devices made
of concrete- and aluminum-based components. This way, the SI5282 energy rating standard
may allow for more sustainable choices for this design variable. This issue becomes more
critical when low-pollution electricity sources, such as natural gas and PV, are used to fulfill
OE needs. For these assessments, we recommend using the ReCiPe2016 method with a
two-stage nested mixed ANOVA analysis, as their conjugation allows for the simultaneous
consideration of the six methodological options of ReCiPe2016, thus taking into account
different perspectives on environmental issues.

5. Limitations

The current study has a limitation: there was no sensitive analysis of alternative
materials that could be used as external shading devices with lower environmental damage
aside from concrete or aluminum. In the future, as different and novel materials are
implemented on buildings, we intend to evaluate such cases. Based on a recent study by
Amiri et al. [40], further investigations should include an LCA featuring the partial or total
replacement of concrete in a building with a timber structure.
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