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Abstract: Energy refurbishment of the housing stock is needed in order to reduce energy consumption
and meet global climate goals. This is even more necessary for social housing built in Spain in the
middle of the last century since its obsolete energy conditions lead to situations of indoor thermal
discomfort and energy poverty. The present study carries out a life cycle assessment of the energy
and economic performance of roofs after being retrofitted to become cool roofs for the promotion of
social housing in Seville (Spain). Dynamic simulations are made in which the time dependent aging
effect on the energy performance of the refurbished cool roofs is included for the whole lifespan.
The influence of the time dependent aging effect on the results of the life cycle economic analysis is
also assessed. A variety of scenarios are considered in order to account for the aging effect in the
energy performance of the retrofitted cool roofs and its incidence while considering different energy
prices and monetary discount rates on the life cycle assessment. This is made through a dynamic
life cycle assessment in order to capture the impact of the aging dynamic behavior correctly. Results
point out significant savings in the operational energy. However, important differences are found in
the economic savings when the life cycle analysis is carried out since the source of energy and the
efficiency of the equipment used for conditioning strongly impact the economic results.

Keywords: cool roof; energy efficiency; social housing; energy saving; dynamic numerical method;
life cycle assessment

1. Introduction

Over the last few decades, there has been growing concern about global energy demand due to the
exponential increase in its consumption. As stated in the document [1] from the European Commission,
tackling energy consumption in European buildings is vital. According to this publication, nearly 40%
of final energy consumption is attributable to buildings across the public and private sector. Because of
this, extensive research in the field of energy efficiency has focused on the need to reduce energetic
costs in the thermal conditioning of buildings in order to meet the directives set by the EU for H2030 [2],
which establishes as a target for 2030 an improvement in energy efficiency of at least 32.5%.

In this research framework, the work focused on the use of techniques that take advantage of
environmental and climatic resources in a suitable form is noteworthy. In warm climates, as in southern
Spain, the high energy consumption needed to obtain internal comfort in buildings during the hot
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season poses a major problem. This is especially severe for the case of the social park housing built in
southern Spain before the implementation of the first Spanish legislation aimed at regulating energy
demand in buildings, NBE-CT-79 [3]. In this housing, the envelopes in general, and the roofs in
particular, lack thermal insulation. Taking into account that in this region of Spain, the climate is dry
and warm in the cooling season with usually clear skies at this time of year, it seems appropriate to
take advantage of the radiative exchange with the sky by means of cold roof techniques to reduce the
cooling load.

The European Cool Roofs Council [4] defines a “cool roof” as a roofing system able to reject
solar heat and keep surfaces cooler under the sun. A “cool roof” is usually obtained by applying
cold materials to the external surface of a roof. Its thermal performance is due to the properties of
these materials, which are characterized by high values of solar reflectivity and thermal emissivity.
Thereby, these kinds of materials are able to reduce the solar radiation absorption while releasing
the heat absorbed by the roof. This way, during the day, the amount of absorbed solar radiation is
reduced, and during the night, there is roof cooling because of the radiative exchange with the sky;
which usually is colder. Thus cool roofs are considered a passive radiative cooling technique [5,6].

For cold materials, there are slightly differing definitions. Thereby, for ES-ENERGY STAR [7],
cold materials must have a solar reflectance initially equal to or higher than 0.65, and after three years,
it must be higher than 0.50, whilst APEC Energy Working Group [8] considered that they should have
at least a reflectance of 0.70 and a thermal emissivity of 0.75.

The usefulness of cool roofs to enhance comfort conditions and reduce energy consumption
in dwellings and more collective use buildings, schools, office buildings, libraries, etc., has been
highlighted in a large number of experimental and theoretical studies. For example, Akbari et al. [9]
monitored six types of commercial building roofs in California (USA) and found that increasing
the solar reflectance of roofs by 0.33-0.60 reduced the peak temperatures by 33—42 °C and the daily
cooling energy consumption by 4%, 18%, and 52% in a cold storage facility, a school building, and a
department store building, respectively. Romeo and Zinzi [10] reported from field measurements that
the application of a cool paint reduced the cooling load by 54% for a roof with an area of 700 m?, while
the peak temperatures of the external roof surface and the indoor air were reduced by 20 °C and 2.3 °C,
respectively.

However, the extent of the benefits obtained by the use of cool roofs is found to depend on the
local climatic conditions and on a number of other factors such as energy prices, the conditioning
equipment, the building use, and the aging effect of the roof coating [11-22]. Likewise, benefits
resulting from the decrease of the heat island effect together with an improvement of comfort in urban
environments have been shown [13,14,17].

From an economic perspective, in [23], the usefulness of cool roofs was shown to produce
significant savings when used to retrofit commercial buildings in the USA. Likewise, Reference [19]
found that a high scale implementation of cool roofs in Andalusia, in the south of Spain, could
potentially save, considering only residential buildings with flat roofs using electrical heating,
59 million euros annually in electricity costs, and the emission of 136,000 metric tons of CO; could be
directly avoided every year from the production of electricity.

By contrast, only a limited number of studies have dealt with with the cost-effectiveness of cool
roofs based on life cycle analysis. In [24], the cost-effectiveness of reflective white and colored roofs
compared to conventional gray roofs in six selected cities in Mexico was analyzed. Based on the costs
of electricity and reflective materials, a 10 year life cycle cost analysis showed that, in the absence of
insulation, reflective white and colored roofs were more cost-effective than gray roofs for all locations.
Zhang et al. [25] demonstrated the cost-effectiveness of using a cool paint in both unventilated and
ventilated concrete roofs under the tropical climate in Singapore. Jo et al. [26] carried out research by
including both on-site data and a building energy simulation model in order to quantify the electricity
savings of a commercial building when replacing the existing dark roofing material with a reflective
cool roof system. A 20 year cost benefit analysis, including the additional costs of cool roof retrofit and
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maintenance, showed that a 100% cool roof installation resulted in a savings of approximately $22,000
per year in energy costs and a consequent nine year payback period for the added cost. Yuan et al. [27]
stove to find an optimal combination of the surface reflectivity and the insulation thickness of exterior
walls based on a 10 year life cycle cost analysis. Optimum combinations of surface reflectivity and
insulation thickness for six different regions in Japan were proposed.

However, the long-term performance of the reflective material was not taken into account in most
of the papers referenced. In [28], a 20 year life cycle cost analysis proved that the cost-effectiveness
of aged and restored cool roof when used to retrofit non-insulated roofs led to a net savings of up to
44.53 Tunisian dirhamsper m? and a payback period of 3.4 years. This work showed the interest in
performing life cycle analysis in order to draw energy and economic conclusions. In [29], a new and
structured approach was developed to carry out an uncertainty and sensitivity analysis in Life Cycle
Assessment (LCA) in order to support the decision-making process in building renovation. Likewise,
in [30], a life cycle assessment was used in order to make an economic-environmental valuation of a
standard energy retrofit project for a public building in a Mediterranean area.

Moreover, the energy efficiency improvements that are achieved by means of the refurbishment
of roofs when becoming cool roofs can be framed into sustainable energy transitions and the
decarbonization process. However, the sustainability of an action whose aim is to improve energy
efficiency must be ensured for its entire life cycle [31].

Considering that the energy refurbishment of the housing stock is needed in order to reduce
energy consumption and that this is especially much more necessary for social housing built in
Spain in the middle of the last century that has obsolete energy conditions, leading to situations of
indoor thermal discomfort and energy poverty, the analysis carried out in this work tries to clarify
the pertinence of using cool roofs as an efficient measure to reduce the energy consumption to obtain
indoor comfort conditions for the considered housing park.

In the present paper, a study is proposed in order to appraise in a deeper way the effect of the
aging on the energy performance of cool roofs, as well as the implications for the economic and energy
life cycle assessment of this kind of roof when applied to the refurbishment of the social housing stock
considered. This requires specific simulation codes that allow the incorporation of aging patterns to
calculate the energy dynamic of the cool roof accurately when its solar reflectivity decreases because
of the aging effect. Commercial packages for building energy simulation do not incorporate this
ability, and this gap requires the development of specific simulation codes like the one presented here.
This software limitation can be the cause of the absence of studies dealing with numerical computations
of the time dependent aging effect for cool roofs. To the best of our knowledge, there exists a gap in the
literature with regard to studies that perform dynamical life cycle assessment of cool roofs and analyze
its energy and economic implications when used for the refurbishment of social dwelling roofs. Such a
gap is particularly relevant in the geographical area that is analyzed here and that is characterized by
high cooling demands.

This way, a comprehensive numerical study is done to simulate the energy performance of cool
roofs when used to retrofit roofs from residential buildings belonging to the social park housing built
in Seville, Spain, before the implementation of the first Spanish legislation aimed at regulating energy
demand in buildings, NBE-CT-79 [3], in 1979. The main objective is to perform an energy and economic
life cycle assessment of the cool roofs in a broad framework taking into account the effect on the LCA
results of the real weather of Seville, the long-term performance of the coating layer solar reflectivities,
the energy and equipment types used for conditioning the buildings, and the impact of economic
parameters. Regarding the choice of the case study, it was taken into consideration that the weather
of Sevilla makes this city a good place to analyze the potential advantages of the use of cool roofs in
order to reduce energy consumption to achieve interior comfort conditions. Finally, it is necessary to
point out that the findings of this study can be extended to other geographic scenarios as long as they
are characterized by similar weather conditions to those existing in Sevilla. This would be the case of
southern Spain and most of the meridional regions of Europe.
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2. Methodology to Estimate the Roof Energy Performance

2.1. Physical Model

In this section, a generic description of the physical problem involving the heat transfer through
the roof is set out. Specifically, the heat transfer in the roofs is determined by:

®  The heat gain on the outer slab due to solar irradiation.

¢ The heat exchange by radiation between the outer surface and the sky.

®  The heat exchange by convection between the outer surface and the ambient air.

*  The heat transfer by conduction through the layers of the roof.

¢  The heat exchange by convection and radiation between the internal surface of the roof and the
interior of the building.

Other possible factors, such as the radiative exchange between the roof and adjacent buildings or
vegetable masses higher than the studied building, were not taken into account in this study for the
sake of brevity.

In order to establish the physical model, the fact that the equations describing the heat diffusion
equations through the different layers of the roof and the radiative exchanges must be computed in
each time step in order to approximate the heat transfer through the roof adequately must be taken
into account.

Heat exchanges between surfaces and air were calculated by using convective heat transfer
correlations based on the use of suitable convective heat transfer coefficients together with the equations
given by the energy balance for the external roof surface; see Section 2.2.2. Internal roof surface energy
balance calculation was done by taking a fixed room temperature T;oo constant for each season.
Then, we calculated the exchange of heat by convection and radiation between the internal roof surface
and the interior of the building by using a combined convective-radiative transfer coefficient and the
energy balance for the internal roof surface; see Section 2.2.2.

2.2. Mathematical Formulation

In this section, the mathematical equations involved in the heat transfer through the roof
are explained.
2.2.1. Thermal Conduction through the Roof

Heat conduction through the envelope is modeled by the equation:

oT
pep 5 = V- (kVT), (1)

where the density p, the specific heat ¢}, and the conductivity x take the value corresponding to each
material of every layer of the envelope.

This equation is closed with boundary conditions for the external and internal surfaces of the
roof that are given by the energy balance equation corresponding to each surface, as is explained
in Section 2.2.2.

2.2.2. Energy Balance at the Roof Surfaces

For the external surface of the roof, the energy balance is given by:
T
Kﬁ + Geext + qSW + I]LW =0, )
where gyt is the intensity of the convective heat flux between the surface and the air flow that is
given by:
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Geext = hc,ext(Tu - T)/ (W/mz)/

with T, the outdoor air dry-bulb temperature, T the exterior roof surface temperature, 7i the outward
normal vector to the exterior roof surface, and k. the convective heat transfer coefficient described
in Section 2.2.4. Finally, 75" and "V are respectively the intensity of radiative flux of solar origin
and the intensity of the balance of thermal long-wave radiation on the surfaces whose calculation is
explained in Section 2.2.3.

For the internal surface of the roof the energy balance is given by:

oT
Kﬁ + erint = 0, (3)

where now, 7 is the outward normal vector to the interior roof surface, T is the interior roof surface
temperature, and g, ;,,; is the intensity of the combined convective-radiative heat transfer between the
internal roof surfaces and the interior temperature. This is given by:

Ger,int = hconv,md(Tmom - T)/ (W/mz)/ 4)

where 1y, 104 is the combined convective-radiative heat transfer coefficient explained in Section 2.2.4
and Tyoon is the interior air temperature.

2.2.3. Solar and Long-Wave Radiative Flux

For the external surface of a roof, the absorbed solar radiative flux is given by:

S
PV =W <1§W~cos(9)- *— + I Fs + Lyg- Frg + I ~Pm), (W/m?), (5)

roof

where a5V

is the solar absorptance of the external roof surface, 6 is the angle of incidence on the roof
of the sun’s rays, IS W is the intensity of the beam solar radiation, S; and S,,,s are the sunlit and the
entire roof areas, respectively, and I;; and Iy, are the intensity of the diffuse radiation reflected by the
sky and the ground, respectively, F;s being the view factor between the roof and the sky and F,¢ the
view factor between the roof and the ground. Finally, I, is the intensity of the reflected radiation by
the surrounding buildings, and F;; is the the view factor between the roof and such buildings.

In the absence of buildings or shading elements higher than the roof under consideration, F;s and

Fy¢ are given by:

1+ cos 1 —cos
Fo= 110 (@) Fro = (¢)
@ being the angle between the roof plane and the horizontal plane. For an unshaded flat roof,
Expression (5) becomes:
qSW _ OéSW X I?{W’ (W/mZ), (6)

where I I%W is the global horizontal solar radiation intensity given by I IS_IW = Ilfw -cos(0) + Ig.

The long-wave radiation balance for the external roof surface is calculated as:
LW LW LW
q = sty T Rw
where QLW is the intensity of the long-wave radiation heat emitted by the external roof surface and

Q%{ is the sky downwelling long-wave radiation.

LW is calculated using the law of Stefan-Boltzmann:

W — eoT? (7)
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€ being the surface emissivity, T the temperature in Kelvin degrees of the surface, and o = 5.67 - 108
[W/m? - K 4] the constant of Stefan—Boltzmann.

The sky downwelling long-wave radiation Qg’; depends on several factors, but the most
significant ones are outdoor temperature, the relative humidity of the environment, and cloud cover.
Essentially, clouds absorb outgoing IR radiation and emit thermal IR radiation to a temperature higher
than emitted by a clear sky. Thus, a cloudy day thermal downwelling sky irradiance can increase over
34% regarding the sky irradiance of a clear sky. QSL,Q] can be computed as:

Qity = €sky0 T4, @®)
where €, is the sky emissivity. Walton [32] and Clark et al. [33] estimated that e, can be calculated as:

224 35 28
n? + —n3)

T4
sty = (0.787 +0.7641n(5-2)) (1 + Jog = 1077 + 155

where T, is the absolute dew point temperature and 7 is the opaque sky cover in tenths. This is the
correlation used in this work.

2.2.4. Convective Heat Transfer Coefficients

Suitable Convective Heat Transfer Coefficients (CHTC) for external building surfaces, & ext,
are essential in order to calculate accurately heat transfers between the roof surface and the ambiance
air. However, while for vertical surfaces, there is a large number of correlations, for roofs, they are
much scarcer. As stated by Mirsadeghi et al. [34], convective heat transfer calculations for roofs
represent some of the most complex problems in wind flow around buildings due to the variety in
their geometry and the complex flow patterns in the separated regions above the roofs.

In this work, the correlation used for the external surface of roof is h¢ eyt = 8.18+2.28 Vg (W/ m?2K),
which was proposed by Hagishima and Tanimoto [35] based on experiments carried out on a roof.
Here, Vy is the wind speed above the roof in m/s.

To calculate the heat exchange by convection and radiation between the internal roof surface
and the interior of the building, a combined convective-radiative transfer coefficient given by
Heonv,rad = 8-3 (W/m?K) is used as recommended by ASHRAE [36]. This coefficient is often used
in heat transfer calculation for buildings’ interiors [37].

2.3. Aging Effect on the Cool Roof Absorptivity

This paper aims to carry out a long-term assessment of the energy behavior of the cool roofs in
order to perform an LCA for a lifetime period of 20 years according to the service time of the roof
coating. For such a long period, it is necessary to take into account the loss of the reflective properties
of the roof coating over time due to its own aging or to the action of environmental agents as rain, dust,
air particles, moisture, and sun.

According to [22], the aging of a paint depends on the characteristics of the paint itself (porosity,
glass transition temperatures, water retention capacity). It also depends on the material on which the
paint is applied (roughness) and on a number of environmental factors to which the paint is exposed.
Mastrapostoli et al. [38], analyzing the weatherization of cool roofs in two Athenian schools, showed
that the solar reflectance, after four years, decreased by around 25%. Xue et al. (2015) [39], by making
use of a white roof coating based on styrene acrylate copolymer and cement, showed that after 400 h
of artificial accelerated weathering, solar reflectance experienced a decrease of 11%.

In [40], it was found from a field survey that for all reflective roofing types, about 95% of aging
occurred during the first two years, and 98% occurred within the first three years of installation.
The conclusions for unwashed white roof coatings applied to a variety of substrates suggested a loss
of solar initial reflectivity of about 20-25%, taking place in the first few months to one year, with little
change beyond that and generally little variation by substrate.
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According to Bretz and Akbary [41], most of the decrease in solar reflectivity occurred in the first
year, possibly in the first few months. Then, values tended to stabilize. Eilert [42] also proved that the
reduction in the solar reflectivity of white roofs was in the order of 10-30%, with most of the reduction
occurring in the first year. In the field survey [40], it was concluded that the energy calculations
should be based on at least one year aged reflectivity values, which were typically 75-80% of the initial
values. The same was concluded in [22]. In this study, the results obtained from in-field measurements
pointed to a reduction of the solar reflectance between 19 and 25% for different cool paints. In the
same work, it was also observed that the aging of the cool coating layer did not significantly affect its
thermal reflectivity.

On the other hand, in-field measurements [40,41] found that the original values for the reflectivity
could be restored up to 90-100% by a periodic power washing. Nevertheless, the author of this field
survey concluded that washing of cool coated roof surfaces as a maintenance measure did not constitute
a cost-effective means of retaining or restoring solar-reflectance values, especially considering that
most solar reflectance loss would reoccur in three to six months. While washing could usually restore
most of the solar reflectivity, at least during the first several years of aging, the effects were short lived
(typically three to six months) and yielded limited economic payback.

For the calculation of energy flows through the roofs, four scenarios for the cool coating were
considered: roofs without the aging effect, roofs with the aging effect, but without any maintenance,
roofs with the aging effect and a wash maintenance after a decade, and finally, aged roofs with
quinquennial wash maintenance. Taking into account the social nature of the buildings in which the
roof refurbishment was carried out, considering an annual roof washing seemed unlikely, it being more
realistic to consider a maintenance wash with quinquennial or decennial periodicity or no maintenance.

Based on what was supported by most of the studies reviewed, the aging pattern considered
in the present work for the cool roof coating was the following: throughout the first year, a loss of
solar reflectivity equal to 20% of its initial value, concentrated mostly in the first months of the year,
and a loss equal to 8.5% in the second year. For the third year, a loss equal to 0.9% was assumed. Then,
the decrease in reflectance tended to become stabilized [41], until reaching a total loss of 30% for the
whole life cycle span. This way, about 95% of the aging happened during the first two years, and 98%
occurred within the first three years after the installation, as is stated in [40]. For the considered case of
a wash a decade after the installation, the related literature assumed the solar reflectivity to be restored
to 90% of the initial value. Afterwards, the same pattern as that taking place after the initial application
of the cool coating was considered.

In Figure 1la, the monthly and accumulated percentages of solar reflectivity loss are shown,
according to the aforementioned aging patterns. The evolution of the solar reflectivity for the aged
case without maintenance and for the aged case with decennial washing are shown respectively in
Figure 1b,c for a roof coating with an initial reflectivity equal to 0.9.
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Figure 1. Monthly and accumulated percentage of solar reflectivity loss (a). Evolution of the solar
reflectivity for the aged case (b) and for the aged case with decennial washing (c).

2.4. Case Buildings

For our study, a representative building of the social park housing built in Seville before 1979
was considered. This building belonged to the promotion of social housing called El Plantinar built
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in Seville in the 1960s. The constructive typology of this promotion was typical of social housing in
this decade.

The roofs were flat type, and as can be seen in Figures 2 and 3, the promotion was made up
of buildings of the same height, while there were no close buildings of higher height that could
cast shadows over them. Therefore, the flux of the solar radiation incident on the roofs is given by
Expression (6).

Figure 3. El Plantinar: aerial view.

The roof configuration is described in Table 1, where dimensioning and thermophysical
characteristics of the various components of the roofs are shown. The values shown in this table were
obtained from [43,44].

The outer surface of the roof was considered covered by a layer of bituminous paint. Then, two
absorptivity solar radiation coefficients of 0.8 and 0.9 were studied according to the usual values of the
absorptivity for this kind of coating. These values represented the benchmark cases to be compared
with the cool roofs.

In order to transform the roof to a cool roof, the application of a white elastomer layer on the
surface of the outer layer of the roof was selected. Taking into account the wide variety of existing
commercial cool paints and seeking to find their energy and economic performance in a broader way,
cool roof coatings with absorptivities equal to 0.1, 0.2, 0.3, and 0.4, which could be easily found in
commercial suppliers, were studied.

In Figure 4, the climatic chart of Seville is shown. As can be noted, winter could be characterized
as mild and summers as hot and dry with high levels of solar radiation. Finally, autumns and
springs were characterized by rainfall and moderate temperatures. According to the data from the
Spanish State Meteorological Agency [45], the average annual temperature was 19.2 °C, with maximum
average temperatures up to 40 °C in the months of July and August and a minimum average of 5.7 °C
in January. The normal incident solar radiation value had a maximum average daily value of 8.3
kWh/m? in July and a minimum daily average value of 2.3 kWh/m? in December. In accordance
with these characteristics, the climate of the area was classified as Mediterranean Csa according to the
Koppen-Geiger climate classification.
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Table 1. Thermophysical characteristics of the roof.

Layer Description Thickness Density Specific Heat Conductivity

(m) (kg/m®) (J/kgK) (W/mK)
1 (Ext.) Bituminous paint 0.0015 1150 1000 0.23
2 Ceramic tiles 0.005 2000 800 1.00
3 Mortar 0.01 2000 1000 1.40
4 Protective Layer 0.015 1150 1000 0.23
5 Mortar 0.01 2000 1000 1.40
6 Carbon cinders 0.1 640 657 1.40
7 Concrete vault 0.3 1330 1000 1.32
8 (Int.) Gypsum plaster 0.01 1000 1000 0.32
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Figure 4. Climatic chart of Seville.
2.5. Numerical Resolution

Equation (1) for the heat transfer through the roof was solved by using a one-dimensional finite
difference approximation in space and a semi-implicit Euler method for time. The entire computation
process was executed developing a code based on the described numerical method using the open
source FreeFem++ software [46]. For the temperature on the solid surfaces, the border conditions were
chosen from the energy balance equations as described in Section 2.2.2.

In order to ensure the reliability of the proposed numerical method, it was first validated through
an inter-model comparison with the Energy Plus software [47]. This was made by considering short
time intervals for the calculation, typically months, due to the fact that Energy Plus does not implement
time dependent absorptance since it is only able to deal with constant values of solar absorptance.
This feature was implemented in our numerical model by means of allowing the simulation of the
aging effect on cool roof absorptance in long time intervals, typically decades, as was done in our LCA
calculations. Likewise, from a purely numerical point of view, the method was checked through the
analytical calculation of the evolution of the temperatures on the nodes used for the difference finite
method calculations by using a low number of nodes for the discretization of the roof [48].

The general calculation process had the following steps:

e  Phase L. Preprocess:

LA Input of geometry and materials’ data: in this phase, the geometry of the roof was entered
and stored, as well as the data of the materials involved in the simulations.

LB  Input of meteorological data: wind speed, ambient air temperature, ambient relative
humidity, and solar radiation were stored. These values could be taken from standard
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weather files as the Energy Plus Weather (EPW) files, or from a local meteorological station,
or derived from some model.

IC  The downwelling long-wave radiation incident on the roof was calculated for every
time considered in computations. These calculations were performed once and could be
incorporated as data in the simulation process.

. Phase II. Time iterations:

For every time step, heat transfer coefficients and radiative heat exchange were upgraded, and
the border conditions given by surface energy balances on every surface, Equations (2) and (3),
were updated. Finally, the heat transfer Equation (1) for the roof was solved at the current time.

For the interior zone under the roof, we considered a test zone inspired by [28,49,50] assuming
the envelope was adiabatic except for the roof. The thermal behavior of the roof depended on
the operating mode of the conditioning system. Different modes can be found in the literature:
continuous air-conditioning [27,28,51-53], intermittent air-conditioning with a fixed indoor set-point
temperature [54], and no air-conditioning with fluctuating indoor temperature [55].

In order to evaluate the energy behavior of the roof and its impact on the energy loads, we assumed
that the ambient interior temperature was kept constant for every season. We assumed a continuous
mode of the conditioning system with an indoor set-point temperature for the cooling season set at
24 °C, for the heating season set at 20 ° C, and for the intermediate seasons set at 22.5 °C. These values
were selected by taking into consideration the comfort temperature intervals established in the Spanish
regulation of thermal installations in buildings (RITE) [56]. On the other hand, these values were used
in previous research on cool roofs under climatic conditions similar to those of the present study [28].

3. Life Cycle Cost Analysis

An accurate approach to the economics of the cool roof is the assessment of its cost-effectiveness
through an LCA that takes into account future costs [57].

This method allows a comparison of future costs with today’s costs while evaluating throughout
the life cycle period the savings obtained when cool roofs are used.

To make the life cycle cost analysis, all anticipated costs were calculated and discounted to their
present worth. The usual procedure is to compute the costs for each future year taking into account
the future value of the variables that generate the costs and then to discount each annual cost to its
present worth. Finally, the sum of all the present values constituted the life cycle cost.

When the life cycle cost was determined for each of the roofing systems under consideration, including
different cool and non-cool roof options and different scenarios for aging, the cost-effectiveness of each
system was appraised by its life cycle costs; the lowest was the life cycle cost, the most cost effective
was the system, and equivalently, the systems with highest life cycle savings were selected as the most
cost effective.

3.1. Methodology

For the LCA, we considered a lifetime of n = 20 years, that is the average life service of the
considered white reflective coating [58]. Then, the life cycle cost and saving together with the payback
period for each of the considered cool roof scenarios were determined. In this analysis, the costs of
energy, the performance of the equipment used for air-conditioning, the initial cost of application of
the reflective coating, and the maintenance costs derived from the power washing of the cool roofs
were considered, as well as the economic variables that drove the economic process: the increase of
energy costs i and the monetary discount rate 4.

In the LCA analysis, the method P1-P2introduced in [57] was used with some small differences due
to the dynamic character of the yearly energy operating costs induced by the aging and maintenance
of the cool roofs. To determine the present worth of one monetary unit of the future time period k
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(usually expressed in years), with a market discount rate d (fraction per time period), the relationship
to be used is:
PW, = 1/(1+d)*.

Then, if P, ¢ and P, g are the current prices of energy for cooling and heating, respectively, and if
i is the inflation rate for energy costs, the present worth of any future energy payment C, (k) in the
period k is given [57] by:
PWi(Ce(k)) = Ce(k)/ (1 +d)*

Qc(k) x Pec Qu(k) x P k-1
Celk) = (SEER X (3.6 x 10°) * SCOP x (3.6 x 106)> (1+9) ©)
where SEER is the Seasonal Energy Efficiency Ratio and SCOP is the Seasonal Coefficient Of
Performance of the equipment used for conditioning. Equation (9) takes into account the fact that the
energy loads Q. (k) and Qj,(k) for the cool roofs varied annually because of the aging effect and the
maintenance to which the cool coating was subjected. In the calculation of C,(k), it was considered
that the energy used for cooling was always electricity, but for heating, the costs were evaluated both
considering the use of electricity and gas.
Likewise, if iy is the inflation rate for the costs of maintenance, the present worth of any future
maintenance payment Cy (k) in the period k is given by:

where:

PWi(Cpr(k)) = Car(k) /(1 +d)F = 8(k) Car(1+ipg)¥1 /(1 + d)F

where (k) is equal to 1 if the maintenance is done in year k or equal to 0 if not and Cj, is the current
price of maintenance per unit area of roof surface.
Then, the present worth of the life cycle total cost per unit area of the roof surface is given by:

CG=C+Cm+C

where C, and Cj are the present worth of energy and maintenance life cycle total cost, respectively,
calculated as: ; .,
Ce = ZPWk(Ce(k)) and CM = ZPWk(CM(k))/
k=1 k=1
and Cj is the cost of the initial investment of installing the cool roof coating.

When compared with the initial reference roof, due to the refurbishment, there will be annual
operational changes in terms of energy together with the corresponding changes in economic terms
related mainly to the energy costs. In order to calculate the difference between the use of the cool roofs
and the reference case, we calculated the Net Savings (NS) for the whole life cycle period through:

NS = 37 [PW(CE () ~ PWL(C(k))] ~ Cu— 1. (10)
k=1

Here, PWk(Céref ) (k)) is the present worth value of the energy costs for the reference case in the
period k given by:
PW,(C*P (k) = P (k) /(1 + a)F,

being:

C("ff) (k) — QErEf)(k) X Pe,c Q;ln’f)(k) X Pe,h (1+i)k_l
¢ SEER x (3.6 x 106) ' SCOP x (3.6 x 106)

(11)

where now QE”f ) (k) and Q,(lref ) (k) are the cooling and heating loads, respectively, for the reference
roofs in the time period k.
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Then, Pwk(ce(”f ) (k)) — PWi(C.(k)) is the difference in the period k between the energy costs for
the reference roof and the cool roof under analysis. A positive value of NS means that the use of the
cool coating produces savings with respect to the reference case. It is worth highlighting the fact that
energy consumption varies annually due to the aging effect, and therefore, Expression (10) cannot be
reduced to a single analytical expression.

The Payback Period (PB) is the time horizon t for which the value of net savings is equal to
zero [59]. Because the series coefficients in (10) are variable for the time step k, the value f giving
the payback period is obtained through the computations of the net savings accumulated for every
horizon ky:

ko
NS(ko) = Y, [PW(CY™ (k) = PWi(Ce(K))| — Cum — €1 (12)
k=1

Then, if NS(kg) < 0 and NS(ko + 1) > 0, the value of the payback period t is calculated through
the expression:

. —NS(ko)
NS(ko +1) — NS(ko)

The value of t provided by (13) is consistent with the usual value found in the literature [28-57]
when energy consumption is assumed to be constant for all years.

+ko. (13)

3.2. Economic Indicators

The variables considered to perform the economic calculations involved in the LCA are listed in
Table 2.

Table 2. Economic variables used in the LCA.

Variable Value
Cool paint application  9.45 €/m?
Washing cost 1.63 €/m?
Electricity cost 0.2403 kWh
Gas cost 0.0736 kWh
Energy inflation rate 0%, 3%, 6%
Discount rate 0.5%, 1.5%, 3%
Lifetime 20 years

The costs of the cool paint application and its maintenance were taken from [58]. The electricity
and natural gas prices were the prices in Spain (including taxes) for household consumers [60].
Following the approach of [61], three possible values for the energy inflation and the discount rates
were considered, as shown in Table 2. Finally, the maintenance discount rate i) was taken equal to 4
under the supposition that the evolutions of both indexes were close to each other.

For the conditioning equipment, we considered that cooling was always done by the
air-conditioning machinery that used electricity as the only energy source. For heating, the following
cases were considered:

¢ Heating by natural gas.
®  Heating by electricity radiators.
*  Heating by air (heat pumps).

Since the purchasing power of the inhabitants of these homes was not high, it was considered that
the air-conditioning devices were mid-range with an A++ energy rating according to the European
regulations, under the assumption that these devices were usually less expensive than those with the
energy certification A+++. The efficiency values of the conditioning equipment are shown in Table 3.
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Table 3. Conditioning equipment efficiency. SEER, Seasonal Energy Efficiency Ratio; SCOP, Seasonal
Coefficient Of Performance.

Device Efficiency

Cooling pump SEER = 73
Heating pump SCOP = 485
Gas natural heating s = 08
Electrical radiator heating s = 1

The values shown in Table 3 for the pump were the means of the values established in the EU
Regulation 626/2011 [62] for an air-conditioning equipment labeled A++.

4. Results

In this section, the results from the energy and economic LCA analysis are presented.
4.1. Energy Results

4.1.1. Cool Roof Energy Performance

In this section, an analysis of the energy performance of the cool roof is done by using the
introduced numerical method applied to the case study with the non-insulated roof described in
Section 2.4. In the first stage, the energy performance of the roof was assessed with solar reflectivity
covering a range from 0.1 to 0.9. Then, transmission loads per unit area of the roof surface were
calculated for the whole climatic year.

In Figure 5, the behavior of the temperatures over a week that covered the last days of July and
the first ones of August is shown for a reference roof and a cool roof. For the reference roof, a solar
absorptivity equal to 0.9 and a thermal emissivity of 0.85 were considered, while for the cool roof,
a solar absorptivity equal to 0.1 and a thermal emissivity of 0.9 were assumed.
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Figure 5. Temperatures for the reference and cool roofs during a week of summer.

In this figure, the typical behavior of the cool roof is observed. Most of the time, the external layer
of the cool roof had a temperature close to the ambient temperature, whereas that of the reference roof
had temperatures much higher, especially in the central hours of the day, where the solar irradiation
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was more intense. At night, there was a significant drop in surface temperatures caused by the absence
of solar irradiation and by the cooling caused by the radiative exchange with the sky vault. However,
the thermal energy accumulated in the mass of the roofs made the temperatures of the surface layers in
general higher than the environmental ones, a fact that was much more evident for the reference roof.
Moreover, the daily fluctuations of the temperatures were much smaller for the cool roof. This way,
cool roofs were better protected against thermal fatigue. This resulted in a longer service life for the
roof.

Another important fact was the remarkable difference observed between the temperatures of the
interior surfaces of the two types of roofs. Firstly, the temperature of the internal surface of the reference
roof was several degrees higher than that of the cool roof, but it also had much stronger oscillations.
Both events strongly affected the energy consumption to achieve interior comfort conditions and the
sensation of thermal stress.

In Figure 6, the monthly heat flux through the roof is shown, considering inwards heat flux as
positive and outwards heat flux as negative. It can be seen that the effect of low absorptivity values
was very pronounced in summer. Thus, for an absorptivity of 0.1, the cooling load was significant
only for the months of July and August. On the other hand, this low absorptivity value introduced a
considerable penalty in wintertime, which resulted in a higher value of the heating load. This combined
effect was the basis for for the estimation of the energy savings achieved by the use of cool roofs.
In general, it was observed that as the absorptivity value increased, a gradual increase occurred of the
cooling load in the warm season and a decrease of the heating load in the heating season.
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Figure 6. Effect of the solar absorptivity on monthly heat flux through the roof.

Figure 7 shows for the different values of the absorptivity the annual transmission loads per
unit area of the roof surface for the case study. From this graph, it can be concluded that the lowest
energy consumption values were obtained for the lowest values of solar absorptivity. Specifically,
for the values 0.1 and 0.2 of the absorptivity, while the values of total consumption were practically the
same, the difference lied in the values of loads for heating and cooling. Such values showed a notable
difference according to what was said before: higher levels of solar reflectivity corresponded to lower
values of cooling load and higher values of heating load.
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Figure 7. Effect of the solar absorptivity on annual heat flux through the roof.

4.1.2. Aging Effect on the Energy Loads

In Figure 8a—c, the evolutions of the heating, cooling, and total loads are shown for the aged case
with decennial wash maintenance for the four absorptivity scenarios studied. It can be observed that
the progressive loss of solar reflectivity in the first years produced an increase of the cooling loads and
a decrease of the heating for all the cases. After four years, the loads tended to become constant until
the decennial wash maintenance was done. At this moment, the initial behavior for the loads was
repeated, although a variation of the initial values of the loads was observed according to the fact that
the wash recovered only 90% of the initial reflectivity. For the total loads, it was observed that for the
value of the absorptivity equal to 0.1, the aging effect produced a decay of the total load. This was
due to the fact that, in spite of the cooling load increasing during the summer, such an increase was
advantageously offset by the reduction of the winter penalty.
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Figure 8. Aged case with decennial washing. Yearly evolutions of the: heating loads (a), cooling loads
(b), and total load (c).

For the value of the absorptivity equal to 0.2, the aging effect also produced an initial decrease
in the second year for the total load, although it rapidly recovered the initial load values. However,
after the ten year maintenance, a somewhat longer further decrease in total loads than at the beginning
of the cycle was observed. For the higher absorptivity values, that is 0.3 and 0.4, it was observed
that the aging effect, both initially and after the ten year maintenance, resulted in an increase in total
loads since in these cases, the increases in cooling loads were not compensated by the reductions in
heating loads.

In Figure 9a—c, the evolutions of the heating, cooling, and total loads are shown for the aged case
with a quinquennial washing. In these figures, the same patterns as for the decennial washing can be
observed although with a five year periodicity, that is, an increase of the heating loads and a decrease
of the cooling loads in the first years after every washing together with an initial decrease of the total
loads after washing for all the roofs” absorptivities except for the case of the roof absorptivity equal
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to 0.1, where the aging effect gave rise to the same decrease of the total roof as that of the case of the
decennial maintenance.
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Figure 9. Aged case with quinquennial washing. Yearly evolutions of the: heating loads (a), cooling
loads (b), and total loads (c).

Finally, in Figure 10a—c, the evolutions of the heating, cooling, and total loads are shown for the
aged case without any maintenance along the entire LCA lifetime period. In this case, the aging effect
reproduced the initial pattern observed in the previous cases, that is a decrease of the heating loads
and an increase of the cooling loads for all the cool roof scenarios, a decrease of the total loads for the
case of absorptivity equal to 0.1 due to the increase of the cooling load being offset by a decrease in the
heating load, an initial decrease and a later recovery of the initial load values for the absorptivity equal
to 0.2, and finally, for the remaining cases, a net increase of the total loads for the first years, which
remained stabilize from the fourth year until the end of the lifetime period.
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Figure 10. Aged case without maintenance. Yearly evolutions of the: heating loads (a), cooling loads
(b), and total loads (c).

In Figure 11, the range of variation of the loads related to the range of variation of the roof
absorptivities for the three studied aged cases is shown. The heating variation range curves show
the difference between the heating load for the absorptivity equal to 0.1 minus the heating load for
an absorptivity equal to 0.4, and the cooling range curve shows the difference between the cooling
load for the roof with an absorptivity equal to 0.4 minus the cooling load for an absorptivity equal to
0.1. As can be seen, for all the cases, the effect of the change in absorptivity values was greater on the
cooling loads than on the heating ones. In fact, initially, this range of variation was about 65 MJ/m?
year for the cooling range and of 50 MJ/m? year, that is a difference of 15 MJ/m? year. However, once
the aged effect stabilized the solar absorption values, the difference was close to 30 MJ/m? year ,
that is almost double, and the same pattern was observed after the washing maintenance. In short,

the effect of changes in absorptivity produced a noticeably greater impact on the cooling loads than on
the heating ones.
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Figure 11. Yearly range variation of the heating and cooling loads for the aged case: without
maintenance wash (a), with decennial wash (b), and with quinquennial wash (c).

The total loads in GJ/m? along the entire lifetime period for the different cool roof and
maintenance scenarios are shown in Figure 12 together with the two reference roofs without retrofitting.
It can be noted that for all cool roof cases and scenarios, the total loads were lower than those of the
reference roofs. Moreover, it was also observed that the lower the absorptivity, the lower was the total
load. Regarding the maintenance regime, no significant differences were found among the total loads,
except for the unrealistic case of no aged roof that was only included as an indicator of the need to
include the aging effect.
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Figure 12. Total loads for the entire LC period.

In Figure 13a,b and Table 4, the total load savings are shown for the entire LC period. In these,
it can be observed that the decreases of the total load for the reference roof with abs,.r = 0.9 were
higher than for the reference roof with abs,,; = 0.8 according to the idea that for warm climates’ cool
coatings were more efficient in order to reduce the loads the higher was the absorptivity of the roof
retrofitted with the cool coating. Likewise, the growing effect on the total loads’ reduction that resulted
from the decrease in absorptivity was observed. On the other hand, no significant differences were
appreciated among the different maintenance scenarios, as stated previously.
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Figure 13. Life cycle period total load decreases (GJ/ m?) for: roof reference absorptivity = 0.8 (a);
roof reference absorptivity = 0.9 (b).

Table 4. Life cycle period total load decreases in GJ/ m2.

Reference Absorp. = 0.8 Reference Absorp. = 0.9
Cool Roof No Aged Aged Aged No Aged Aged Aged
Absorptivity Aged NoWash DecWash Quinq.Wash Aged No Wash Dec. Wash Quing. Wash
0.1 1.638 1.515 1.519 1.515 2.065 1.942 1.946 1.942
0.2 1.699 1.384 1.385 1.391 2.126 1.811 1.812 1.818
0.3 1.632 1.217 1.216 1.228 2.060 1.644 1.644 1.655
0.4 1.471 1.020 1.018 1.032 1.898 1.447 1.445 1.460

4.2. LCA Economic Results

In this section, the LCA results of the cool roof refurbishment are presented using the NS and PB
as performance indicators. The net savings and payback periods owing to refurbishment investment
with the four cool roofs” absorptivities abs.,,; = 0.1, 0.2, 0.3, 0.4 when compared with the reference
roofs with absorptivities abs,.; = 0.8, 0.9 were analyzed under the economic framework described
in Section 3 and for all the aging scenarios described in Section 2.3. Positive values for NS mean real
savings, while negative values imply a higher LCA cost for the cool roof and, therefore, no real savings.

Two cases were taken into account for the LCA:

®  The cool retrofit installation was not necessarily required, and the decision about its installation
was driven by energy savings considerations. In this case, the installation costs were considered
in full.

e  The roof needed renovation, and the installation of a cool roof was opted for instead of
implementing a classic system, which in our study was considered to be made with bituminous
insulating paint. In this case, the installation costs were considered marginal, since they were
computed as the difference between the cost of installation of the cool roof minus the installation
cost for the bituminous paint.

In Tables 5 and 6, the maximum total cost savings are summarized for the whole life cycle period
of time. Details about these results are analyzed in the next sections.

Table 5. Full costs: life cycle period maximum total savings in €/m?.

Reference Absorp. = 0.8 Reference Absorp. = 0.9
Cool Roof No Aged Aged Aged No Aged Aged Aged
Absorptivity Aged No Wash Dec. Wash  Quinq. Wash Aged NoWash Dec. Wash  Quinq. Wash
0.1 —0.77 5.09 3.23 —0.79 4.46 10.32 8.47 4.43
0.2 3.76 4.76 3.05 —0.71 9.00 9.99 8.28 4.51
0.3 14.61 3.96 2.29 -1.31 11.13 9.19 7.52 3.92

0.4 6.15 2.52 0.87 —2.62 11.39 7.76 6.11 2.61
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Table 6. Marginal costs: life cycle period maximum total savings in €/m?.

Reference Absorp. = 0.8 Reference Absorp. = 0.9
Cool Roof No Aged Aged Aged No Aged Aged Aged
Absorptivity Aged NoWash Dec. Wash Quinq. Wash Aged No Wash Dec. Wash  Quing. Wash
0.1 7.23 13.10 11.24 8.4 12.47 18.33 16.48 13.64
0.2 11.77 12.77 11.06 8.48 17.01 18.01 16.29 13.72
0.3 13.9 11.97 10.3 7.89 19.14 17.20 15.53 13.12
0.4 14.16 10.53 8.88 6.58 19.4 15.77 14.12 11.82

The results are detailed in Sections 4.2.1-4.2.8, which describe the results obtained for each
scenario. The tables that are referenced in these sections can be found in Appendix A to the paper.

4.2.1. Aged Cool Roof without Maintenance Full Costs

The NS and PB results for the aged roof without any maintenance are presented in
Tables Al and A2. For both reference roofs, only when heat pumps were used for heating, some
savings were found. Likewise, it was observed that the smaller was the absorptivity of the cool roof,
the greater was the savings.

For the reference roof with abs,.; = 0.8, savings only occurred for a differential i — d greater
than or equal to 2.7% when the cool roofs” absorptivities were 0.1, 0.2, and 0.3, while for abs.,,; = 0.4,
savings were found only if the differential i — d was greater than 3%. The best result in this case was a
savings of 5.09 €/m? with a payback of 16.43 years that was obtained for the roof with abs,, = 0.1
and for the economic indicators d = 0.3%, i = 6%.

For the reference roof with abs,,; = 0.9, savings were higher than for the case of abs,.; = 0.8.
Now, for the cool roof with abs.,,; = 0.1, savings happened for all the economic scenarios except
when d = 3% and i = 0%, that is for a negative differential i — d equal to —3%. For cool roofs with
absq,, = 0.2 and 0.3, savings required values of the differential i — d equal to or greater than —1.5%.
Finally, for abs.,, = 0.4, savings required a strictly positive differential i — d. The best result in this
case was a savings of 10.32 €/m? with a payback of 12.33 years, which was obtained for the cool roof
abs;ye1 = 0.1 and the economic indicators d = 0.3%, i = 6%.

4.2.2. Aged Cool Roof without Maintenance Marginal Costs

The results of the case of the aged roof without maintenance considering marginal costs are
presented in Tables A3 and A4. In this case, the savings were called marginal savings. They showed
once again a tendency to take higher savings as the absorptivity of the cool roof decreased, the savings
attained for the reference roof abs,.; = 0.9 being higher.

The best results were a savings of 13.10 €/m? with a payback of 3.73 years and a savings
of 18.33€/m? with a payback of 2.83 years for the reference roofs abs,.; = 0.8 and abs,.f = 0.9,
respectively, which were both obtained for the cool roof with abs.,; = 0.1 and d = 0.3%, i = 6%.

It is worth noting that for economic scenarios with a lower inflation differential, good results
were also achieved. Therefore, for the case of d = 0.3%, i = 0%, which gave a negative differential,
savings of 6.4, 6.27, 5.86, and 5.10 €/m? and payback periods of 4.05, 3.91, 3.97, and 4.32 years were
obtained for cool roofs with absorptivities 0.1, 0.2, 0.3, and 0.4, respectively, when the reference roof
had abs,.r = 0.8. For the same economic scenario for abs,.r = 0.9, the marginal savings were greater,
being 9.26,9.13, 8.72, and 7.96 €/ m?, and the payback periods were 2.99, 2.86, 2.85, and 3.01 years for
the same cool roof absorptivities.

In this case, a small amount of savings was also obtained when gas was used for heating, but only
for absy, = 0.4.
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4.2.3. Aged Cool Roof with Decennial Maintenance Full Costs

The results for the aged cool roof with decennial maintenance full costs are shown in Tables A5
and A6. It can be observed that including the maintenance costs penalized the LCA savings of
refurbishing with cool paint when compared with the previous case of no maintenance.

Again, only heating with a pump gave savings. The biggest savings were 3.23 €/m? with a
payback of 14.07 years and a savings of 8.47 €/m? with a payback of 2.83 years for the reference roofs
abs,.r = 0.8 and abs,.r = 0.9, respectively. Both results were obtained for abs.y, = 0.1 and d = 0.3%,
i = 6%.

As in the previous cases, the decrease in absorptivity was associated with an increase in savings
and higher savings for abs,.; = 0.9 than for abs,.; = 0.8.

Now, the inflation differential required to get savings for abs,.s = 0.8 was greater than 4.5% for
absgoo; = 0.1%, 0.2%, and 0.3% and equal to 5.7% for abs.,, = 0.4. For abs,.; = 0.9, savings were
obtained if the differential was greater than or equal to 1.5% for abs.,,; = 0.1%, 0.2%, and 0.3% and
greater than 2.7% for abs,, = 0.4.

4.2.4. Aged Cool Roof with Decennial Maintenance Marginal Costs

The results for the aged cool roof with decennial maintenance and marginal costs are shown in
Tables A7 and A8.

Once again, savings were found only if the heating worked through the heat pump, which led to
savings for all the economic scenarios considered. Likewise, smaller values of absorptivity produced
greater savings, which took the larger values for the reference roof with abs,.; = 0.9.

The best result for the reference roof abs,.y = 0.9 was a savings of 16.48 €/ m? with a payback of
2.13 obtained for d = 0.3%, i = 6% and for the reference roof abs,,r = 0.8, a saving of 11.24 €/ m? with
a payback of 3.73 and the same economic indicators.

Now, the inflation differential required to get savings for abs,.s = 0.8 was greater than 4.5% for
abscoor = 0.1%, 0.2%, and 0.3% and equal to 5.7% for abs.,, = 0.4. For abs,.; = 0.9, savings were
obtained if the differential was greater than or equal to 1.5% for abs.,,; = 0.1%, 0.2%, and 0.3% and
greater than 2.7% for abs,, = 0.4.

4.2.5. Aged Cool Roof with Quinquennial Maintenance Full Costs

The results for the aged cool roof with quinquennial maintenance and full costs are shown in
Tables A9 and A10. The most relevant fact of this case was that for almost all the studied scenarios,
there were no savings. Specifically, for the reference roof with abs,,r = 0.8, there were no savings in
any case, while for the reference roof with abs,.r = 0.9, only for the differential i — d equal to or greater
than 4.5%, some savings were found. The best results in this case were obtained for abs.,,; = 0.2, the
greater savings equal to 4.51 €/m? with a payback of 17.01 obtained for d = 0.3%, i = 6%.

4.2.6. Aged Cool Roof with Quinquennial Maintenance Marginal Costs

The results for the aged cool roof with quinquennial maintenance and marginal costs are shown
in Tables A1l and A12.

As in the previous cases, savings were found only for heating using heat pumps and existed for
all absorptivity and economic scenarios considered. The greatest savings were given for abs.,,; = 0.2
for both reference roof absorptivities, the savings for abs,.; = 0.9 being greater than the ones for
abs,.s = 0.8 for equivalent economic indicators.

For abs,.y = 0.8, the greatest value was a savings of 8.48€/ m? with a payback of 3.73 years, and
for abs,.; = 0.9, the greatest savings was 13.72€/ m? with a payback of 2.71 both for d = 0.3% and
i = 6%.
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4.2.7. No Aged Cool Roof Full Costs

In Tables A13-A16, results are presented for the case of the non-aged roof with full costs.
Although this case may be considered unrealistic, in the literature, it is a frequently treated case.
For this reason and because it can give information on the importance of the aging effect when
comparing both cases, its results are included here. Maintenance was not considered in the LCA of
this case because the non-aged effect made it unnecessary.

For the case of full costs (Tables A13 and A14), savings were found only when heat pumps were
used for heating.

Savings were greater for abs,.y = 0.9 than for abs,.y = 0.8 under the same economic scenarios.
When existing, savings increased as the absorptivity of the cool roofs grew, giving abs.,,; = 0.4 the
highest savings both for abs,,; = 0.8 and abs,,; = 0.9.

Specifically, when abs,.; = 0.8, there were no savings for abs.,, = 0.1; there were savings for
absqe; = 0.2 if the economic differential i — d was equal to or greater than 2.7%; and there were savings
as well for abs,,; = 0.3 and abs.,, = 0.4 if the inflation differential was equal to or greater than 1.5%.

When abs,.r = 0.9, there were savings for abs.,, = 0.1 if the inflation differential was equal to
or greater than 2.7%, for abs,,, = 0.2 if the inflation differential was equal to or greater than —0.3%,
while for abs.,,; = 0.3 and abs,,,; = 0.4, the only scenario for which there were no savings was when
d = 0.3% and i = 6%, which involved a strong negative economic differential i — d = —3%.

The highest savings for abs,.; = 0.8 was 6.15 €/ m? with a payback of 14.45 years obtained when
absgo) = 0.4, d = 0.3%, and i = 6%. For abs,.r = 0.9, the greatest savings was 11.39 €/m? with a
payback of 11.76 years and the same economic parameters.

4.2.8. No Aged Cool Roof Marginal Costs

In Tables A15 and A16, marginal savings are presented. It can be pointed out again that savings
were found only if heat pumps were used for heating. In this case, savings existed in all the absorptivity
and economic scenarios analyzed.

The savings took an increasing value from abs.,,; = 0.1 to abs.,,; = 0.4. This way, the greatest
values of the savings were found for abs,, = 0.4 for both reference roofs.

For abs,.y = 0.8, the greatest savings was 14.16 €/ m? with a payback of 3.09 years, and for
abs;.r = 0.9, the greatest savings was 17.01 €/ m? with a payback of 2.64 years both for d = 0.3% and
i = 6%.

5. Discussion

For the climatic zone under consideration and the building case study, the results presented in
Section 4.1 indicated a decrease in the annual total load for roofs when the absorptivity of the external
coating of the roof decreased. This way, a decrease close to 32% when comparing a reference roof of
abs,r = 0.9 to a cool roof of absy, = 0.1 was found, as is shown in Figure 7. As can be observed in
this figure, the pattern found was the following: the less absorptive of the roof, the lower was the
cooling load and the higher the heating load, in such a way that the increase in the heating load was
clearly compensated by the decrease in the cooling load as the absorptivity decreased and fell within
the range of what was a cool roof, that is for absorptivity values less than or equal to five [7].

Furthermore, it can be established from Figure 11 that the effect of the change in absorptivity
values was greater on cooling loads than on heating ones. That is, when absorptivity decreased,
the decrease of cooling loads was proportionally much greater than the increase of heating loads.
This meant that the effect of changes in absorptivity produced a noticeably greater impact on cooling
loads than on heating ones.

The energy analysis showed that for the different cases of cool roofs under consideration, that is
aged without washing, aged with decennial and quinquennial washing, and non-aged, for the entire
LC time period of twenty years, the total loads had very similar results for each value of the cool roof
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absorptivity; see Figure 13a,b and Table 4. This meant that maintenance through power washing did
not have a significant effect on the energy behavior of the cool roof, a fact that has been mentioned
in the literature [40]. For the case of no aging effect, smaller values of the total loads were found;
this suggested the need to consider the aging effect to have a realistic energy analysis, as was stated in
the previous literature [28,40].

For the life cycle’s total period, energy savings were found for the four cool roofs” absorptivities
and for the two reference roofs studied for all the aged cases considered; see Table 4. For the reference
roof abs,.r = 0.9, the savings ranged between 1.946 GJ/ m? obtained for abs,,, = 0.1 and 1.445 GJ/m?
obtained for abs.y, = 0.4. For the reference roof abs,.r = 0.8, the savings were less than for abs,.r = 0.9,
and they were in a range between 1.519 GJ/ m? obtained for abs,,, = 0.1 and 1.018 GJ/m?2 obtained
for abs,y, = 0.1.

As can be noted in Table 4, the differences in the energy savings induced by the washing of the
cool roofs were very small for the LCA total period, which cast doubt on its advisability, especially
when taking into account possible damage to the cool coating when performing maintenance [40].

For the non-aged case, as observed in Figure 13a,b and Table 4, the total loads were the smallest,
and consequently, the savings obtained in this case were the greatest. However, as mentioned before,
this case could be considered unrealistic, so its results should be taken into account only as a reference
by means of which both scenarios (aged and non-aged roofs) could be contrasted while determining
the influence of the aging effect on the energy behavior of cool roofs during the LCA period of time.

Regarding the LCA economic analysis, the first issue to highlight was that, generally, economic
savings were only obtained when the heat pump was used for heating. The other heating systems
considered did not provide savings, except in the specific case of aged roofs without maintenance,
in which for the case of abs.,,; = 0.4, some marginal savings were obtained for gas heating; see
Tables A3 and A4. This was due to the fact that, in spite of the considerable decrease in total loads
pointed out in the energy analysis, the effects of the cost of energy for heating gave rise to an increase
in the heat load, which from an economic point of view, was not compensated with the decrease in the
refrigeration load, the only exception to this being the case of an even system of energy efficiency for
heating and cooling as provided by heat pumps.

On the other hand, whether rehabilitation was necessary or not also had a considerable impact
on the results of the LCA. If the refurbishment is done because it is necessary, the costs of applying
the cool coating layer should be compared with those of applying another type of coating which in
the case of the present study was the bituminous paint layer, while the additional cost of the cool
roof represented only the marginal cost. On the contrary, if the application of the cool roof was done
without the need for rehabilitation, the initial costs were complete when the LCA was performed.

When marginal savings were considered, for all the cases except one, significant economic savings
existed as long as the heat pump was used for heating. These marginal savings were greater for the
case of no maintenance, while the marginal savings from a ten year maintenance were greater than
those obtained from the five year maintenance; see Tables A3, A4, A7, A8, A1l and A12.

The savings obtained in the case of complete costs were logically lower. In this case, the biggest
savings were also obtained in the case that maintenance was not performed, while again, the savings
from a ten year maintenance gave rise to better results than those obtained from the five year savings;
see Tables A1, A2, A5, A6, A9 and A10. Now, when maintenance was considered, there was a
noticeable decrease in the number of cases that resulted in savings. These were mainly concentrated in
values of the roof reference with absorptivity equal to 0.9 and high values of the economic differential
i — d. Even for the quinquennial maintenance, there were no savings for any case when the reference
absorptivity was 0.8.

Note also that in all scenarios considered for the aged roofs, the best savings results were obtained
for the reference roof with abs,.; = 0.9 and for the lowest values of the cool roof absorptivity.

On the other hand, as can be seen in Tables 5, 6, and A1-A10, the punctual improvement that
was obtained after washing in terms of energy loads had a small reflecting in the economic savings.
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This was mainly due to the fact that maintenance costs were not counterbalanced enough so as to
obtain relevant energy costs savings. A similar result was suggested in [40].

It is also important to point out the role of economic indicators. As evidenced by the LCA savings,
the higher the values of the economic differential i — d, the higher the values for savings. This was
closely related to an increase in the economic benefits provided by cool roofs in the face of high
energy prices.

Finally, for the non-aged case, the savings obtained were close to those for the aged case with
no maintenance; see Tables A5 and A6. However, now, the different heat dynamics throughout the
period of time considered implied that the highest savings rates were obtained for cool roofs with the
highest values. Specifically, the greatest savings were obtained for abs.,,; = 0.4, while for the aged
case, they were obtained for abs.,,; = 0.1. The same can be stated for the non-aged case marginal
savings: values close to the marginal savings from the aged case with no maintenance, but with the
same behavior related to the absorptivities.

Although the performed analysis seemed to point out the existence of benefits when using cool
roofs to refurbish the obsolete energy conditions of the social housing stock under study, some extra
analysis must be done in order to assess its social impact and to identify the steps that the involved
parties, that is tenants, social services, municipality, etc., should take in order to exploit the advantages
of this kind of energy improvement. Some research about the topic of social impacts and stakeholder
analysis as that made in [31] could help to clarify the role of social agents regarding the implementation
of the proposed refurbishment measures.

Thus, taking into account the social implications of the analysis made in this work, it could
be useful in order to shed light on the social implications of the present research to perform a Life
Cycle Sustainability Assessment (LCSA) [31], which considers environmental LCA, life cycle costing,
and Social Life Cycle Assessment (SLCA) [63,64].

6. Conclusions

The energy and economic performances of residential social building roofs retrofitted to become
cool roofs were analyzed under the southern Spain climate. The thermal dynamic of the roofs was
simulated through a computational code using a finite difference approach in order to assess the
impact of different cool coatings when used to retrofit the roofs of dwellings belonging to a promotion
of social housing in Seville (Spain) built in the 1960s.

Four different cases of cool coating with values of solar absorptivity equal to 0.1, 0.2, 0.3, and 0.4
when applied to two reference roofs with solar absorptivity equal to 0.8 and 0.9 were analyzed. In order
to get realistic simulation conditions, the aging effect of the cool coatings was taken into account by
means of designing a pattern of the incidence of the aging effect over the solar absorptivities throughout
the service lifetime of the cool roof.

This gave rise to different scenarios regarding the energy behavior of the cool roofs according
to the temporary evolution of the cover resulting from the aging effect and the maintenance type
considered for the cool coatings.

The results obtained for the different combinations of cool coatings and aging effect pointed to
significant savings in the operational energy. This way, a decrease in the annual total loads for roofs
was found. Such decreases were larger as the absorptivity of the external coating of the retrofitted roof
was reduced. The maximum decrease found was close to 32%, and it was obtained when a roof with
solar absorptivity equal to 0.9 was retrofitted with a cool paint with solar absorptivity equal to 0.1.

Moreover, the limited role played by the cool roofs” maintenance over the total loads during
the LCA period of time was revealed, since the values of such loads were similar to each of the cool
absorptivities considered. However, some variations in the evolution of the heating and cooling loads
were observed.

In order to evaluate the economic value of using cool roofs for social housing rehabilitation, a 20
year life cycle analysis was conducted. To carry out a comprehensive LCA analysis, a variety of values
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for the variables of solar absorptivity, cool roof maintenance, energy and maintenance costs, monetary
discount rate, conditioning equipment, and installation cost were taken into account.

The LCA analysis pointed out that initial costs had a strong impact on the economic results.
This way, if the costs of the cool coating were not compared to any other roof retrofit, savings were
only obtained when, in the case of heating, the equipment used was a heat pump and the economic
differential between the energy inflation costs and the monetary discount rate was high. Namely,
the best result was found when an aged cool roof without maintenance was used and the cool
absorptivity was equal to 0.1, while the reference absorptivity equaled 0.9, and the economic indicators
were d = 0.3% and i = 6%. Following this, the economic LCA savings was 10.32 €/ m?, and the
payback period was 12.33 years.

If marginal costs were considered, the LCA analysis reported savings for all the scenarios studied
as long as heating was carried out by means of pump heating. In this case, the best result was found
again for the case of an aged cool roof without maintenance when the cool absorptivity was equal to
0.1, the reference absorptivity was equal to 0.9, and the economic indicators were d = 0.3% and i = 6%.
The economic LCA savings was now 18.33 €/m?, and the payback period was 2.83 years.

Another result confirmed in the LCA analysis was the impact of the economic differential i — d
on the savings. High values of such a differential yielded higher economic savings and consequently
shorter payback periods. This result, which could be considered as expected, was ratified by means of
the implemented cost-effectiveness analysis and the fact that investments in refurbishment seeking to
reduce energy consumption were from a purely economic standpoint more profitable within raising
energy price scenarios.

Furthermore, its use gave rise to economic savings when adequate equipment to condition
dwellings was used. Finally, other results described in the literature such as the scarce economic gains
stemming from a power washing of this kind of cool coating were revealed for the time period in
which the LCA was carried out.

According to the obtained results, in terms of energy consumption and environmental benefits,
the use of cool coatings with a solar absorptivity as low as possible is recommended for the
rehabilitation of cool roofs in the social building case study in the climatic zone under consideration.

The main limitation of this study rested on the lack of social information on the valuation of all
the involved parties of the society, that is tenants, social services, municipality etc., of the application
of the present research results. This could be a venue of future research together with the extension
of the analysis implemented with the aim of broadening such analysis along the lines of an LCSA
considering environmental LCA, life cycle costing, and SLCA.
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the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2020, 12, 5602 25 of 35

Appendix A. LCA Savings

Table A1. LCA savings for the aged roof without maintenance vs. the reference roof with absorptivity

=0.8.
Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —15.15 - —62.48 - -1.6 - —12.55 - —50.33 - -1.73 -
d=03%  i=3% -1682 - -7959 - 114 1943 -1341 - -6351 - 092 1945
i=6% —19.24 - —104.24 - 5.09 16.43 —14.65 - —82.49 - 4.76 16.43
i=0% 14.58 - —56.69 - —2.52 - —12.25 - —45.87 - —2.63 -
d=15%  i=3% -1599 - -711 - -02 - -1298 - -5701 - -038 -
i=6% —18.02 B —91.85 N 3.11 16.48 —14.02 N —72.94 B 2.83 18.47
i=0% —13.98 - —50.69 - —347 - —-11.94 - —41.25 - —3.55 -
d=3% i=3% -1514 - —62.5 - -158 - -1254 - -5034 - -172 -
i=6% —16.78 - —79.24 - 11 19.45 —13.38 - —63.23 - 0.88 19.46
Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —10.34 - —38.98 - —2.14 - -87 - —28.97 - -29 -
d=0.3% i=3% —10.5 - —48.46 - 0.35 19.57 —8.35 - —35.18 - —0.67 -
i=6% —10.74 - —62.11 - 3.96 16.5 —7.85 - —44.13 - 2.52 18.529
i=0% —10.28 - —35.77 - —298 - —8.82 - —26.87 - —3.65 -
d=1.5% i=3% —1042 - —43.78 - —0.87 - —8.52 - —32.12 - -1.77 -
i=6% —10.62 - —55.25 - 2.15 18.37 -81 - —39.63 - 091 19.43
i=0% —10.21 - —32.44 - —3.85 - —8.93 - —24.68 - —4.42 -
d=3% i=3% —10.33 - —38.98 - -2.12 - —8.69 - —28.97 - —2.89 -
i=6% —10.49 - —48.26 - 0.31 19.58 —8.35 - —35.05 - —0.71 -

Table A2. LCA savings for the aged roof without maintenance vs. the reference roof with absorptivity

=09.
Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —14.64 - —70.21 - 1.25 17.639 —12.04 - —58.06 - 112 17.84
d=0.3% i=3% —16.15 - —89.95 - 4.97 14.327 —12.73 - —73.86 - 4.75 14.46
i=6% —1831 - —11838 - 10.32 12.33 —13.73 - —96.63 - 9.99 1243
i=0% —14.13 - —63.53 - 0.01 19.97 -11.8 - -52.71 - —0.09 -
d=1.5% i=3% —15.40 - —80.22 - 3.15 15.6 —12.39 - —66.07 - 2.97 15.76
i=6% —17.22 - —104.09 - 7.64 13.18 —13.22 - —85.19 - 7.37 13.29
i=0% —13.59 - —56.62 - -1.27 - —11.55 - —47.18 - -1.36 -
d=3% i=3% —14.63 - —70.24 - 1.28 17.65 —12.03 - —58.08 - 1.14 17.86
i=6% —16.11 - —89.55 - 491 14.45 -12.71 - —73.55 - 4.70 14.58
Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —9.83 - —46.71 - 0.71 18.55 —8.2 - —36.7 - —0.04 -
d=0.3% i=3% —9.83 - —58.81 - 4.19 14.92 —7.68 - —45.54 - 3.15 15.903
i=6% —9.82 - —76.25 - 9.19 12.78 —6.93 - —58.27 - 7.76 13.5
i=0% —9.83 - —42.61 - —0.44 - —83 - —33.71 - —1.11 -
d=1.5% i=3% —9.82 - —52.85 - 248 18.32 —7.3 - —41.18 - 1.58 17.46
i=6% —9.82 - —67.49 - 6.68 16.3 —13.36 - —51.87 - 5.45 14.49
i=0% —9.83 - —38.38 - —1.65 - —8.55 - —30.62 - —2.23 -
d=3% i=3% —9.82 - —46.73 - 0.73 18.55 —8.19 - —36.71 - —0.02

i=6% —9.82 - —58.57 - 413 15.05 —7.68 - —45.36 - 31 16.02
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Table A3. LCA marginal savings for the aged cool roof without maintenance vs. the reference roof
with absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —7.14 - —54.47 - 6.4 4.05 —4.54 - —42.32 - 6.27 391
d=0.3% i=3% —881 - —71.58 - 9.14 3.88 —54 - —55.501 - 8.93 3.75
i=6% —11.23 - —96.23 - 13.1 3.73 —6.64 - —74.48 - 12.77 3.61
i=0% —6.57 - —48.68 - 5.48 4.17 —4.24 - —37.86 - 5.37 4.03
d=1.5% i=3% —7.98 - —63.14 - 7.8 3.991 —4.97 - —49.00 - 7.62 3.859
i=6% —10.01 - —83.84 - 11.12 3.832 —6.01 - —63.15 - 10.84 3.70
i=0% —597 - —42.68 - 4.53 4.33 -3.93 - —33.24 - 4.45 4.18
d=3% i=3% —7.13 - —54.492 - 6.42 4.13 —4.53 - —42.33 - 6.28 3.99
i=6% —877 - —71.23 - 9.11 3.959 —5.377 - —55.22 - 8.89 3.83
Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —2.33 - —30.97 - 5.86 3.97 —0.69 - 20.96 - 5.104 4.32
d=0.3% i=3% —249 - —40.45 - 8.36 3.81 —0.34 - —27.17 - 7.33 4.12
i=6% =273 - —54.1 - 11.97 3.66 0.15 19.6 —36.12 - 10.53 3.95
i=0% —227 - —27.76 - 5.02 4.09 —0.81 - —18.86 - 435 4.46
d=1.5% i=3% —241 - —36.12 - 713 3.919 —0.51 - —24.11 - 6.23 4.24
i=6% —261 - —4724 - 1016 376 —0.09 - -3162 - 892 406
i=0% —22 - —24.43 - 4.15 426 —0.92 - —16.67 - 3.58 4.66
d=3% i=3% —232 - —-30.9 - 5.88 4.06 —0.68 - —20.96 - 5.11 4.41
i=6% —248 - —40.25 - 8.32 3.89 —0.34 - —27.04 - 7.29 4.21

Table A4. LCA marginal savings for the aged cool roof without maintenance vs. the reference roof
with absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —6.63 - —62.2 - 9.26 2.99 —4.03 - —50.05 - 9.13 2.86
d=0.3% i=3% 814 - —81.94 - 12.98 2.9 —4.72 - —65.85 - 12.76 2.78
i=6% —103 - 110.37 - 18.33 2.83 —5.72 - —88.62 - 18.01 2.716
i=0% —6.12 - —55.52 - 8.02 3.05 -3.79 - —44.7 - 791 292
d=1.5% i=3% —7.39 - —7221 - 11.16 2.96 —4.38 - —58.06 - 10.98 2.84
i=6% —9.21 - —96.08 - 15.6 2.88 —5.21 - —77.18 - 15.38 2.77
i=0% —5.58 - —48.61 - 6.73 3.14 —3.54 - —39.17 - 6.64 3.01
d=3% i=3% —6.62 - —62.23 - 9.29 3.05 —4.02 - —50.07 - 9.15 292
i=6% —8.09 - —81.54 - 12.92 2.96 —4.70 - —65.54 - 1271 2.84
Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —1.82 - —38.70 - 8.72 2.85 -0.19 - —28.69 - 7.96 3.01
d=0.3% i=3% —181 - 50.80 - 12.20 2.78 0.32 17.44 —37.53 - 11.16 291
i=6% —1.80 - —68.24 - 17.20 2.71 1.07 14.63 50.26 - 15.77 2.83
i=0% —1.82 - —34.60 - 7.56 2.92 —0.36 - —25.70 - 6.89 3.07
d=1.5% i=3% —1.81 - —44.84 - 10.49 2.84 0.07 19.27 —33.17 - 9.59 298
i=6% —181 - —59.48 - 14.69 2.77 0.70 15.75 —43.86 - 13.46 2.90
i=0% —1.82 - —30.37 - 6.35 3.01 —0.54 - —22.6 - 5.77 3.17
d=3% i=3% —1.81 - —38.72 - 8.75 2.92 —0.182 - —28.7 - 7.98 3.07

i=6% —1.81 - —50.56 - 12.14 2.84 0.33 17.48 —37.35 - 11.11 2.98
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Table A5. LCA savings of the aged roof with 10 years maintenance vs. the reference roof with

absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8

Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump

Gas Electr. Pump

Savings PayB Savings PayB Savings PayB

Savings PayB Savings PayB Savings PayB

i=0% —17.28 - —65.64 - —3.43 - —14.53 - —53.08 - —3.49 -
d=0.3% i=3% —19.06 - —83.2 - —-0.7 - —15.44 - —66.54 - —0.81 -
i=6% —21.6 - —108.4 - 323 17.18 —16.73 - —85.86 - 3.05 17.28
i=0% —1664 - -59.67 - 433 - -1419 - 4849 - 437 -
d=15%  i=3% —1816 - 74.53 - 202 - ~149 - -5989 - -2.1 -
i=6% —20.3 - —95.72 - 1.28 18.64 —16.06 - —76.13 - 1.13 18.76
i=0% —15.98 - —53.47 - —-5.25 - —13.83 - —43.72 - —-5.27 -
d=3% i=3% —17.22 - —65.62 - —3.37 - —14.47 - —53.04 - —3.43 -
i=6% —1897 - —82.79 - —0.69 - —15.36 - —66.21 - —0.8 -
Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —1225 - —4152 - 387 - -1056 - 3135 - 461 -
d=03%  i=3% —1245 - -5123 - -13476 - -1024 - -37.75 - -236 -
i=6% —1271 - -6516 - 229 1785 976 - —4691 - 087 191
i=0% —1215 - —38.2 - —4.69 - —5.35 - —29.15 - —5.35 -
d=15%  i=3% —1232 - —4643 - -256 - -1037 - -3457 - -345 -
i=6% —1255 - -5814 - 048 1943 -997 - 4228 - 073 -
i=0% —12.05 - —34.762 - —5.54 - —10.73 - —26.87 - —6.11 -
d=3% i=3% —12.19 - —41.48 - —3.81 - —10.51 - —31.3 - —4.56 -
i=6% —12.38 - —50.98 - —1.34 - —10.19 - —37.56 - —2.35 -
Table A6. LCA savings of the aged roof with 10 years maintenance vs. the reference roof with

absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9

Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i=0% —16.77 - —73.37 - —0.57 - —14.02 - —60.81 - —0.63 -
d=0.3% i=3% —18.39 - —93.56 - 3.12 16.58 —14.76 - —76.9 - 3.02 16.63
i=6% —20.68 - —12254 - 8.47 14.07 —15.81 - —100 - 8.28 14.09

i=0% —16.2 - —66.52 - —-1.79 - —13.74 - —55.33 - —1.83 -
d=1.5% i=3% —17.57 - —83.6 - 1.33 18.02 14.37 - —68.95 - 1.24 18.28
i=6% —19.5 - —-10796 - 5.81 15.08 —15.26 - —88.37 - 5.66 15.11

i=0% —1559 - —594 - —3.05 - —13.44 - —49.66 - -3.07 -

d=3% i=3% —16.72 - —73.36 - —0.5 - —13.96 - —60.79 - —0.56 -
i=6% —1829 - —93.1 - 3.12 16.63 —14.69 - —76.52 - 3.01 16.68

Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9
Gas Electr. Pump Gas Electr. Pump

Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB

i=0% —11.74 - —49.25 - —1.01 - —10.06 - —39.08 - —1.755 -
d=0.3% i=3% —11.77 - —61.59 - 2.48 17.11 —9.56 - —48.1 - 1.46 18.16
i=6% 11.79 - —79.29 - 7.52 14.40 —8.83 - —61.05 - 6.11 15.15

i=0% —11.7 - —45.05 - -2.16 - —10.2 - —36 - —2.81 -

d=1.5% i=3% —11.73 - —55.49 - 0.79 18.86 —9.78 - —43.641 - —0.09 -
i=6% —11.76 - —70.38 - 5.02 15.49 —-9.17 - —54.52 - 3.8 16.34

i=0% —11.66 - —40.696 - —3.35 - —10.34 - —32.8 - -391 -

d=3% i=3% —11.68 - —49.23 - —0.941 - -10 - —39.05 - —1.69 -
i=6% —11.71 - —61.29 - 247 17.15 —9.51 - —47.87 - 1.46 18.20
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Table A7. LCA marginal savings of the aged roof with 10 years maintenance vs. the reference roof with

absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8

Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —9.27 - —57.63 - 4571 4.05 —6.52 - —45.07 - 451 391
d=0.3% i=3% —11.05 - —75.19 - 7.3 3.88 —7.43 - —58.53 - 7.19 3.75
i=6% —13.59 - -100.39 - 11.24 3.73 —8.72 - —77.85 - 11.06 3.61
i=0% —8.63 - —51.66 - 3.67 417 —6.18 - —40.48 - 3.63 4.03
d=1.5% i=3% —10.15 - —66.52 - 5.98 3.99 —6.96 - —51.88 - 59 3.85
i=6% —12.29 - —87.71 - 9.29 3.83 —8.051 - —68.12 - 9.145 3.70
i=0% —12.29 - —45.46 - 2.75 4.33 —5.82 - —35.71 - 2.73 4.18
d=3% i=3% —797 - —57.61 - 4.63 4.13 —6.46 - —45.03 - 4.57 3.99
i=6% —10.96 - —74.78 - 7.31 3.96 —7.35 - —58.2 - 7.2 3.83
Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —4.24 - —33.51 - 413 3.97 —2.55 - —23.34 - 3.39 4.32
d=0.3% i=3% —4.44 - —43.22 - 6.66 3.81 —2.23 - —29.74 - 5.64 4.12
i=6% —47 - —57.15 - 10.3 3.66 -1.75 - —38.9 - 8.88 3.95
i=0% —4.14 - —-30.19 - 3.31 4.09 —2.64 - —21.14 - 2.65 4.46
d=1.5% i=3% —4.32 - —38.42 - 5.44 3.91 —2.36 - —26.56 - 4.55 4.24
i=6% —4.54 - —50.13 - 8.49 3.76 —1.96 - —34.27 - 7.27 4.06
i=0% —4.04 - —26.75 - 2.46 426 —2.72 - —18.86 - 1.89 4.66
d=3% i=3% —4.18 - —33.47 - 4.19 4.06 —-25 - —23.29 - 344 4.41
i=6% —4.37 - —42.97 - 6.66 3.89 —2.18 - —29.55 - 5.65 4.21

Table A8. LCA marginal savings of the aged roof with 10 years maintenance vs. the reference roof with

absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9

Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —8.76 - —65.36 - 7.434 2.99 —6.01 - —52.8 - 7.37 2.86
d=0.3% i=3% —10.38 - —85.55 - 11.13 29 —6.75 - —68.89 - 11.03 2.78
i=6% —12.67 - —11453 - 16.48 2.13 -7.8 - —91.99 - 16.29 271
i=0% —8.19 - —58.51 - 6.21 3.05 —5.73 - —47.32 - 6.17 292
d=1.5% i=3% —9.56 - —75.59 - 9.34 2.96 —6.36 - —60.94 - 9.25 2.84
i=6% —11.49 - —99.952 - 13.82 2.88 —7.25 - —80.36 - 13.67 2.77
i=0% —7.58 - —51.39 - 495 3.14 —543 - —41.65 - 493 3.01
d=3% i=3% —871 - —65.35 - 7.5 3.05 —5.95 - —52.78 - 7.44 292
i=6% —10.28 - —85.09 - 11.13 2.96 —6.68 - —68.51 - 11.02 2.84
Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —3.73 - —41.24 - 7.01 2.85 —2.05 - —31.07 - 6.25 3.02
d=0.3% i=3% —3.76 - —53.58 - 10.49 2.78 —1.55 - —40.09 - 9.47 291
i=6% —3.78 - —71.28 - 15.53 271 —0.82 - —53.04 - 14.12 2.83
i=0% —3.69 - —37.04 - 5.84 2.92 —2.19 - —27.99 - 5.191 3.07
d=1.5% i=3% —372 - —47.48 - 8.8 2.84 -1.77 - —35.63 - 791 2.98
i=6% —3.74 - —62.37 - 13.03 2.76 —1.16 - —46.51 - 11.81 29
i=0% —3.65 - —32.68 - 4.65 3.01 —2.33 - —24.79 - 4.096 3.17
d=3% i=3% —3.67 - —41.22 - 7.06 2.92 —-1.99 - —31.04 - 6.31 3.07
i=6% —3.70 - —53.28 - 10.49 2.84 —1.50 - —39.86 - 9.47 2.98
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Table A9. LCA savings of the aged roof with 5 years maintenance vs. the reference roof with
absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8

Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump

Gas Electr. Pump

Savings PayB Savings PayB Savings PayB

Savings PayB Savings PayB Savings PayB

i=0% —21.73 - —72.44 - —7.22 - -18.7 - —59.12 - —7.13 -
d=0.3% i=3% —2692 - —91.22 - —4.59 - —19.87 - —73.53 - —45 -
i=6% —21.6 - —-11816 - —0.79 - —21.52 - —94.21 - —0.71 -
i=0% —2094 - 66.01 - -803 - -1824 - 5417 - ~7.95 -
d=1.5% i=3% —2275 - —81.91 - —5.82 - —-19.23 - —66.37 - —5.73 -
i=6% —25.32 - —10457 - —2.63 - —20.62 - —83.76 - —2.55 -
i=0% —20.1 - —59.34 - —8.87 - —17.74 - —49.03 - —8.78 -
d=3% i=3% —21.59 - —72.33 - —7.06 - —18.55 - —59 - —6.97 -
i=6% —23.68 - —90.7 - —4.49 - —19.69 - —73.1 - —4.41 -
Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% 1623 - —47.01 - —7.42 - —14.4 - —36.38 - —-8.11 -
d=0.3% i=3% —16.61 - —57.47 - —4.92 - —14.21 - —43.35 - —5.86 -
i=6% —17.14 - —72.46 - —-1.31 - —13.91 - —53.34 - —2.62 -
i=0% 16.04 - 4341 - -82 - -144 - -3396 - -881 -
d=15%  i=3% —1636 - -5226 - 608 - -1424 - -3986 - 691 -
i=6% —1714 - ~7246 - -131 - -1399 - —4826 - -418 -
i=0% —15.82 - —39.65 - —8.99 - —14.39 - —31.43 - —9.51 -
d=1.5% i=3% —16.09 - —46.89 - —7.27 - —14.26 - —36.25 - —7.96 -
i=6% —1646 - —57.11 - —4.82 - —14.06 - —43.07 - —5.76 -

Table A10. LCA savings of the aged roof

absorptivity = 0.9.

with 5 years maintenance vs. the reference roof with

Absorptivity Solar: 0.1 vs. 0.9

Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —21.23 - —80.17 - —4.35 - —18.19 - —66.85 - —4.27 -
d=0.3% i=3% —23.19 - -10157 - —0.75 - 19.87 - —73.53 - —45 -
i=6% —25.99 - —132.3 - 443 17.11 —20.6 - —10835 - 451 17.01
i=0% —2049 - —72.86 - —5.5 - —-17.79 - —61.02 - —541 -
d=1.5% i=3% —22.16 - —90.97 - —2.46 - —18.63 - —75.44 - —2.37 -
i=6% —2452 - —116.81 - 1.89 18.5 —19.82 - -9 - 1.97 184
i=0% 19.71 - —65.27 - —6.67 - —17.35 - —54.96 - —6.59 -
d=3% i=3% —21.08 - —80.08 - —4.19 - —18.05 - —66.75 - —4.11 -
i=6% —23.01 - —101.01 - —0.67 - —19.02 - —83.41 - —0.59 -
Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —15.73 - —54.74 - —4.56 - -13.9 - —44.11 - —5.25 -
d=0.3% i=3% —15.94 - —67.82 - —1.08 - —13.53 - —53.71 - —2.03 -
i=6% —1622 - —86.6 - 3.92 17.29 —12.98 - —67.48 - 2.61 18.08
i=0% —15.59 - —50.25 - —5.66 - —13.96 - —40.8 - —6.27 -
d=1.5% i=3% —15.77 - —61.32 - —2.73 - —13.65 - —48.92 - —3.55 -
i=6% —16.01 - —77.1 - 1147 1876 —13.19 - —60.5 - 0.34 19.68
i=0% —1543 - —45.59 - —6.8 - —14.39 - —31.43 - —9.51 -
d=3% i=3% —15.58 - —54.64 - —4.4 - —14.26 - —36.25 - —7.96 -
i=6% —15.78 - —67.43 - —1.01 - —13.39 - —53.38 - —-1.94 -
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Table A11. LCA marginal savings of the aged roof with 5 years maintenance vs. the reference roof with

absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8

Absorptivity Solar: 0.2 vs. 0.8

Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —12.53 - —63.23 - 1.984 4.056 —9.49 - —49.91 - 2.071 391
d=0,3% i=3% —14.6675 - 81.52 - 4.61 3.88 —10.66 - —64.33 - 4.69 3.75
i=6% —17.71 - —-108.95 - 8.4 3.73 —12.32 - —85.01 - 8.48 3.61
i=0% —11.74 - —56.82 - 1.15 4.17 —9.047 - —44.98 - 1.23 4.03
d=1.5% i=3% —13.56 - —72.72 - 3.37 3.99 —10.03 - —57.18 - 3.45 3.85
i=6% —16.13 - —95.37 - 6.55 3.83 —11.43 - —74.57 - 6.63 3.7
i=0% —10.92 - —50.166 - 0.304 4.33 —8.56 - —39.85 - 0.38 4.18
d=3% i=3% —1241 - —63.16 - 211 4.131 —9.38 - —49.83 - 2.19 3.99
i=6% 145 - —81.52 - 4.68 3.95 —10.52 - —63.93 - 476 3.833
Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —7.03 - 37.812 - 1.78 3.97 —-52 - —27.18 - 1.08 4.32
d=0.3% i=3% —741 - —48.26 - 4.28 3.811 -5 - —34.15 - 3.33 4.12
i=6% —7.94 - —63.25 - 7.89 3.665 —4.7 - —44.137 - 6.58 3.95
i=0% —6.84 - —34.21 - 0.98 4.09 —5.21 - 24.76 - 0.37 4.46
d=1.5% i=3% —717 - —43.06 - 3.1 3.91 —5.05 - —30.66 - 2.282 4.24
i=6% —7.62 - —55.67 - 6.13 3.76 —48 - —39.07 - 5.005 4.06
i=0% —6.64 - —30.48 - 0.17 426 —5.22 - —22.255 - —0.34 -
d=3% i=3% —691 - —37.72 - 19 4.06 —5.08 - —27.08 - 12 4.41
i=6% —7.28 - —47.94 - 4.35 3.89 —4.89 - —33.89 - 3.409 4.21

Table A12. LCA marginal savings of the aged roof with 5 years maintenance vs. the reference roof with

absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9

Absorptivity Solar: 0.2 vs. 0.9

Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —12.02 - —70.96 - 484 2.99 —8.99 - —57.64 - 493 2.86
d=0.3% i=3% —13.99 - —92.36 - 8.44 29 —9.98 - —74.68 - 8.53 2.78
i=6% —16.78 - —123.097 - 13.64 2.83 —11.39 - —99.14 - 13.72 271
i=0% —11.3 - —63.66 - 3.68 3.05 —8.6 - —51.82 - 3.77 292
d=1.5% i=3% —1297 - —81.78 - 6.72 2.96 —9.44 - —66.25 - 6.81 2.84
i=6% —15.33 - —107.61 - 11.08 2.88 —10.63 - —86.81 - 11.17 2.77
i=0% 10.54 - —56.09 - 25 3.14 8.18 - —45.78 - 2.58 3.013
d=3% i=3% —119 - —70.9 - 497 3.05 —8.87 - —57.57 - 5.06 292
i=6% 13.83 - —91.84 - 85 2.96 —9.84 - —7424 - 8.58 2.84
Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —6.52 - —45.54 - 4.64 2.85 —4.69 - —34912 - 3.95 3.001
d=0.3% i=3% —673 - —58.62 - 8.11 2.78 —4.32 - —44506 - 717 291
i=6% —7.02 - —77.39 - 13.12 271 —-3.77 - —58.27 - 11.82 2.83
i=0% —64 - —41.06 - 3.52 2.92 —4.76 - —31.61 - 291 3.07
d=1.5% i=3% —6.58 - —52.13 - 6.46 2.84 —4.46 - —39.73 - 5.63 2.98
i=6% —6.82 - —67.91 - 10.66 2.76 —4.01 - —51.31 - 9.539 29
i=0% —625 - —36.41 - 2.37 3.01 —4.83 - —28.18 - 1.85 3.17
d=3% i=3% —641 - —45.46 - 4.76 2.92 —4.58 - —34.82 - 4.075 3.075
i=6% —6.61 - —58.25 - 8.17 2.84 421 - —44.2 - 7.22 2.98
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Table A13. LCA savings for non-aged cool roofs vs. the reference absorptivity = 0.8.
Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —2965 - -1168 - —47 - -221 - -9206 - -222 -
d=0.3% i=3% —36.51 B —153.25 N -3.09 = —26.55 N —120.11 B 0.22 19.62
i=6% —46.39 - —205.78 - -0.77 - —32.8 - —160.533 - 3.76 16.17
i=0% —27.34 - —104.53 - —5.24 - —20.75 - —82.62 - —3.05 -
d=1.5% i=3% —33.14 - —135.34 - —3.88 - —24.42 - —106.33 - -0.97 -
i=6% —41.44 B —179.44 N -1.93 = —29.66 N —140.26 B 1.99 17.54
i=0% —24.95 - —91.84 - —5.8 - —19.25 - —72.85 - -39 -
d=3% i=3% —29.68 - —116.99 - —4.69 - —22.24 - —92.2 - —221 -
i=6% —36.4 - —152.65 - —-3.12 - —26.48 - —119.65 - 0.18 19.69
Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —16577 - —70.78 - —1.05 - —12.42 - —52.63 - —0.91 -
d=0.3% i=3% —18.99 - —91.61 - 1.79 17.44 —13.43 - —67.29 - 1.97 17.2
i=6% —2248 - —121.63 - 5.89 14.61 —14.89 - —88.42 - 6.15 14.45
i=0% —15.763 - —63.77 - —2.01 - —12.08 - —47.69 - —1.89 -
d=1.5% i=3% —17.8091 - —81.38 - 0.39 19.3 —12.94 - —60.09 - 0.55 19.02
i=6% —20.73 - —106.57 - 3.837 15.76 —14.16 - —77.82 - 4.06 15.57
i=0% —14.92 - —56.52 - -3 - —-11.73 - —42.59 - —29 -
d=3% i=3% —16.59 - —70.89 - -1.04 - —12.43 - —52.7 - -09 -
i=6% —18.95 - —91.27 - 1.74 17.54 —13.42 - —67.05 - 1.93 17.31
Table A14. LCA savings for non-aged cool roofs vs. the reference absorptivity = 0.9.
Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —29.14 - —124.53 - —1.84 - —-21.71 - —99.79 - 0.63 18.69
d=0.3% i=3% —35.83 - —163.61 N 0.74 18.85 —25.87 N —130.47 B 4.06 15.01
i=6% —4547 - —219.92 - 4.46 15.62 —31.87 - —174.67 - 9 12.85
i=0% 26.89 - —111.38 - —2.71 - —20.31 - —89.46 - —0.51 --
d=1.5% i=3% —32.55 - —144.41 - —0.52 - —23.83 - —115.73 - 238 16.41
i=6% —40.64 - —191.69 - 2.59 15.62 —28.86 - —152.83 - 6.52 13.76
i=0% —24.56 - —97.78 - —3.61 - —18.86 - —78.78 - -17 -
d=3% i=3% —29.18 - —124.73 - —1.82 - —21.73 - —99.94 - 0.65 18.7
i=6% —35.72 - —162.96 - 0.7 18.93 —25.8 - —129.96 - 4.01 15.14
Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —16.0722 - —785192 - 18 16.71 —11.92 - —60.362 - 1.94 16.5
d=0.3% i=3% —1832 - -101.97 - 5.62 13.71 —12.76 - —77.65 - 5.81 13.56
i=6% —21.56 - —13576 - 11.13 11.87 —13.97 - —10256 - 11.39 11.76
i=0% —15.31 - —70.6 - 0.52 18.8 —11.63 - —54.54 - 0.64 18.53
d=15% i=3% —17.21 - —90.45 - 3.74 14.88 —12.34 - —69.15 - 3.91 14.72
i=6% —19.93 - -11881 - 8.37 12.66 —13.363 - —90.06 - 8.59 12.54
i=0% —14.53 - —62.46 - —0.81 - —11.34 - —48.5 - -0.7 -
d=3% i=3% —16.39 - —81.92 - 2.35 16.76 -11.92 - —60.45 - 1.96 16.55
i=6% —18.28 - —101.58 - 5.56 13.84 —12.74 - —77.36 - 5.75 13.7
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Table A15. LCA marginal savings for non-aged cool roofs vs. the reference absorptivity = 0.8.

Absorptivity Solar: 0.1 vs. 0.8 Absorptivity Solar: 0.2 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —21.64 - -10879 - 33 594 142 - —8405 - 5784  3.89
4=03%  i=3% —285 - -14524 - 4916 554 -1854 - -11210 - 823 373
i=6% —3838 - -197.77 - 723 522 2479 - -15252 - 1177 359
i=0% —19.33 - —96.52 - 2.76 6.2 —12.74 - —74.61 - 4.959 4.01
d=1.5% i=3% —25.13 - —127.33 - 412 5.76 —16.414 - —98.32 - 7.03 3.839
i=6% —33431 - —171.4 - 6.07 54 —21.65 - —132.25 - 10 3.69
i=0% —16.94 - —83.83 - 22 6.57 —11.24 - —64.84 - 4.10 4.16
d=3% i=3% —21.60 - —108.98 - 3.31 6.05 —14.23 - —84.19 - 5.79 3.97
i=6% —28.30 - —144.64 - 4.88 5.65 —18.47 - —111.64 - 8.19 3.81
Absorptivity Solar: 0.3 vs. 0.8 Absorptivity Solar: 0.4 vs. 0.8
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —856 - —62.7788 - 6.95 3.34 —4.41 - —44.62 - 7.09 329
d=0.3% i=3% —10.98 - —83.6 - 9.80 3.23 —5.42 - —59.28 - 9.98 3.18
i=6% —14.47 - —-113.62 - 139 3.13 —6.88 - —80.41 - 14.16 3.09
i=0% —7.75 - —55.769 - 5.99 3.43 —4.07 - —39.687 - 6.1171 338
d=1.5% i=3% —9.79 - —73.37 - 8.4 3.31 —4.93 - —52.08 - 8.56 3.26
i=6% —12.72 - —98.56 - 11.84 3.21 —6.15 - —69.81 - 12.07 3.16
i=0% —6.52 - —54.45 - 7.19 2.61 —-3.72 - —34.58 - 5.1 3.49
d=3% i=3% —8.07 - —70.62 - 9.8 2.55 —4.42 - —44.69 - 7.1 3.36
i=6% —10.27 - —93.57 - 13.57 249 —5.41 - —59.04 - 9.94 3.25

Table A16. LCA marginal savings for non-aged cool roofs vs. the reference absorptivity = 0.9.

Absorptivity Solar: 0.1 vs. 0.9 Absorptivity Solar: 0.2 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —21.13 - —116.52 - 6.16 3.69 —-13.7 - —91.78 - 8.64 2.78
d=0.3% i=3% —27.82 - —155.60 - 8.7 3.55 —17.86 - 122.46 - 12.07 2.7
i=6% —37.46 - —211.91 - 12.47 3.42 —23.86 - —166.66 - 17.01 2.64
i=0% —18.88 - —103.37 - 5.29 3.8 —-12.3 - —81.45 - 7.49 2.84
d=1.5% i=3% —2454 - —136.4 - 7.482 3.64 —15.82 - —107.38 - 10.39 2.77
i=6% —3263 - -18367 - 106 351 -2085 - ~14449 - 1453 27
i=0% —16.55 - —89.77 - 4.39 3.94 —10.85 - —70.77 - 6.302 293
d=3% i=3% —21.17 - —116.72 - 6.18 3.77 —-13.7 - —91.93 - 8.66 2.84
i=6% —27.71 - —154.95 - 8.709 3.63 —-17.79 - —121.95 - 12.01 2.77
Absorptivity Solar: 0.3 vs. 0.9 Absorptivity Solar: 0.4 vs. 0.9
Gas Electr. Pump Gas Electr. Pump
Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB Savings PayB
i=0% —8.06 - —70.5 - 9.81 249 -391 - —52.35 - 9.95 2.46
d=0.3% i=3% —10.31 - —93.96 - 13.63 243 —4.75 - —69.64 - 13.82 241
i=6% —13.55 - —-127.75 - 19.14 2.38 —5.96 - —94.55 - 194 2.35
i=0% —73 - —62.61 - 8.52 2.54 —3.62 - —46.53 - 8.65 2.51
d=1.5% i=3% —92 - —82.44 - 11.75 248 —4.33 - —61.14 - 11.92 2.45
i=6% —11.92 - —110.8 - 16.38 243 —5.35 - —82.05 - 16.6 24
i=0% —6.52 - —54.45 - 7.19 2.61 —-3.33 - —40.51 - 7.3 2.58
d=3% i=3% —8.07 - —70.62 - 9.8 2.55 —-391 - —52.44 - 9.97 2.52
i=6% —10.27 - —93.57 - 13.57 249 —4.73 - —69.35 - 13.76 2.46
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