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a b s t r a c t 

The present study focused on analyzing the potential impact of incorporating living microalgae to the 

built facades, Algae Window, on the energy consumption reduction of a building. Two microalgae species 

of Chlamydomonas reinhardtii and of Chlorella vulgaris were cultivated and the impacts cells density were 

studied on the light penetration and heat transfer. The experimentally measured impacts of the two stud- 

ied microalgae species were used to calculate the U-factor (Thermal conductance), VT (Visible Transmit- 

tance) and SHGC (Solar Heat Gain Coefficient) of the Algae Window. Based on the empirical results, the 

impact of the algae window on the energy consumption was estimated by extensive simulation study 

within an office space in the LEED accredited Porter building in Tel-Aviv University, Israel. The results 

show that incorporation of the microalgae into the windows has the potential to improve the energy 

efficiency in the studied building under the conditions of the Mediterranean climate. The impact of the 

algae window on the energy consumption was estimated in comparison to single glazing and to dou- 

ble glazing, and was found to differ significantly according to the facade orientation in both microalgae 

species; at maximum concentrations in the algae window as compared to single glazing window, the en- 

ergy saving reached up to 20 KWh m 

−2 year −1 in South, 8 KWh m 

−2 year −1 in East, 14 KWh m 

−2 year −1 

in West, and energy increase up to 18 KWh m 

−2 year −1 in North. Three factors were found to explain the 

variance in the energy saving performance of the Algae Window, namely, the algae concentration, the 

window size and the combination factor of the algae concentration with the window size that yielded 

the largest effect on decreasing the energy consumption. This study suggests that incorporating microal- 

gae cultivation in building windows can provide energy saving to the building and addresses the main 

design factors that can effect on the savings as well as on other energetic aspects involved in the system 

such as energy production from algal biomass that has multiple applications in the urban environment. 

© 2019 Elsevier B.V. All rights reserved. 
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Nomenclature 

A Absorptance of layer in window 

h convection coefficient from the glass surface (W 

m 

−2 K 

−1 ) 

I solar irradiance (W m 

−²) 
K thermal conductivity of glass layer (W m 

−1 K 

−1 ) 

N inward-flowing fraction 

t thickness of layer in window (mm) 

TA Average nominal air temperature ( °C) 

T Transmittance of glazing system 

U Overall heat transfer coefficient of the window sys- 

tem (W m 

−2 K 

−1 ) 

Greek symbols 

α volumetric absorption coefficient (1/cm) 

λ wavelength (nm) 

ρ1 reflectance at a glass to air interface 

ρ2 reflectance at a glass to water interface 

τ1 transmittance of the glass and air window 

τ2 transmittance of the glass and water window 

θ radiation incidence angle on window 

Subscript 

ex external 

f front glass surface 

g glass 

int internal 

k Layer k in the window system 

L Number of glazing layers in the window 

s direct solar 

w water 

Abbreviations 

SHGC Solar Heat Gain Coefficient 

VT Visible Transmittance 
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1. Introduction 

Worldwide, the building sector is responsible for more than 35%

of global final energy use and nearly 40% of energy-related CO 2 

emissions [38] . Many available technologies can significantly re-

duce the energy use in buildings such as extensive glass facades

that exacerbate high heat loss and unwanted internal heat gains

[20] . Most of these technologies have undergone thorough testing

and use in existing buildings; however, many of them are not in

use due to a myriad of barriers. Consequently, energy use in build-

ings continues to be higher than necessary [24] . 
The next generation of buildings already incorporate multiple

lements such as solar panels and small wind turbines to gener-

te local clean energy and constructed wetlands to clean locally

he building gray water to ensure the sustainable environment [9] .

owever, solar panels and wind turbines are not able to provide

00% of the energy demands of the building 24/7 and additional

enewable technologies to backup and supplement these systems

re required. Microalgae photobioreactors (PBR) are emerging func-

ional building blocks, which could also provide for energy savings

n the buildings ( [20,30] ). 

Algae cells are complex systems that interact with the environ-

ent, grow and replicate. The algae cell is separated from its en-

ironment by a biological membrane [27] . The major inputs to the

lgae cell are light [37] , inorganic carbon [26] , nitrate [36] , phos-

hate [25] , biological signals from other organisms (for example

piphyte bacteria; [32] ). As a living system, the major output from

he cell to its environment is oxygen (if photosynthesis takes place;

15] ), biomass [11] , proteins [2] , starch [4] , cell wall [10] , detritus

nd light that passes to the lower levels [5] . Research using al-

ae within PBR’s has been well documented as related to aspects

f biomass productivity, including bioremediation of wastewaters,

O 2 sequestration, light harvesting as well as producing energy

e.g. [8,18,21,23,28,29,35,42] ). 

Recently, there has been an increasingly interest to exploit the

lgae benefits in the urban environment, and some living algae

ioreactors have been integrated into building facades where one

f the first famous built example is the BIQ building in Germany

41] . This interest has been expanded to research on algae in PBR

n buildings facades from several aspects of growing conditions

nd biomass production, thermal regulation and solar optimization

 [20,30] ). From the energetic aspect, using façade of buildings as

n area for growing microalgae allows to create an insulating layer

or energy savings and act as a biomass reservoir that can be con-

erted into active bio-energy for the building use. Intelligent uti-

ization of energy and improvement of its efficiency is a necessary

tep in a world where energy consumption increases constantly

nd the urban warming is aggravated. Currently, there are few at-

empts at incorporating algae reactors within building façades to

rovide passive cooling and heating during the summer and winter

onths, respectively [31] . Recent studies have examined the mi-

roalgae bioreactor in a building from the energetic aspects: Umdu

t al. [39] studied the microalgae panel bioreactor thermal trans-

ission showing a significant interaction between the U-factor of

he studied system and its design factors (reservoir, air layer, and

eservoir wall thicknesses). Kerner at al. [19] studied the impact of

nsulating additional outer two glass plates to the inner medium of

he microalgae bioreactor, for creating efficient heat management

o cover the demand for heat in a building with algae production,

howing that 80% of the heat extracted from the microalgae façade

ere used as a heat source for the building’s supply system. 
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Fig. 1. Modeling procedure of the algae window system. 
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In this work we studied the potential impact of microal-

ae bioreactor incorporated into windows, Algae Window, on the

uilding energy balance. Using experimental data on light and heat

ransfer modifications in the window by the incorporated algal cul-

ure combined together with energy simulating modeling, we es-

imated the impact of algae type, concentration, reactor size and

ocation on the energy balance of a room space in a building in Tel

viv, Israel. The estimation of these design parameters provides the

ssential information on the feasibility of using algal wall to im-

rove the overall energy efficiency of the building. The presented

tudy focused on the potential impact of the algae window as a

assive element on the energy consumption in the studied build-

ng. Other aspects that can affect the energy balance were not con-

idered in the study, namely energy production from the microal-

ae biomass, and thermal energy that can be extracted from the

ater within the bioreactor. 

. Materials and methods 

The methodology in this study is focused on estimating the en-

rgetic impact of the algae window system through three subsys-

ems - single cell of a microalgae, window with embedded PBR

ith multiple single cells and the room space within a building

tructure. The estimation of the energy consumption is based on

n integrative approach between measured parameters of thermal

nd optical properties of studied cultivated microalgae species and

 modeling tool for simulating the impact of the studied algae

pecies on the energy consumption within various window config-

rations in a studied space room. Fig. 1 shows the modeling proce-

ure through the three sub-systems and the control factors taken

nto account in the study. 

.1. Single cell of microalgae 

.1.1. The algae cultivation 

The studied algae species are Chlamydomonas reinhardtii ( C.

einhardtii ) wild type (WT) UTEX 90, and Chlorella vulgaris ( C. vul-

aris ) UTEX 395 obtained with in lab stockpile (according to UTEX

ulture Collection of Algae organization, [40] ). The two species

ave different diameter sizes where C. reinhardtii is about 10 μm

16] and C. vulgaris is about 2 to 10 μm [12] . The algae were grown

n TRIS acetate phosphate (TAP) medium according to Gorman and

evine [13] , a microalgae growth liquid medium. 
The cultivation of microalgae done using 500 mL TAP medium

n 1 L flask with magnetic stirrer in low speed in 24 ˚C under nat-

ral light conditions for 4 weeks. During the tests the maximum

oncentration of the cultivated microalgae was 2100 cells/mL in

oth algae species 

.1.2. Cell counting 

An estimation of the concentration of microalgae was per-

ormed using a counting cell - Counting chamber, BLAUBRAND®,

eubauer improved, and Nikon ECLIPSE TE20 0 0-S microscope. Par-

llel to a calibration curve compared to the measurement of OD

00nm using spectrophotometer infinite M200PRO- TECAN. 

.2. Window with PBR of microalgae multiple cells 

To understand the impact of the microalgae on the thermal and

ptical properties within a window system, measurements were

erformed with a range of concentrations of microalgae from 0%

p to 100% in the two studied species: The % microalgae con-

entration was calculated as the ratio between each concentration

evel and the maximum concentration (2100 cells/mL), where the

aximum concentration was set as 100%, and the base case of

ure water with no algae was set as 0%. 

.2.1. U-factor (thermal conductance) 

The U-factor determines the rate of heat transfer through a fen-

stration system due to a difference between the indoor and out-

oor temperature values and, its units of measurement are W m 

−²
 

−1 . The U-factor for the studied algae window was evaluated in

wo steps. First, the conductance of the window itself (two glass

anels and the intervening space with water) was characterized

sing "hot plate" method [17] . A special device was built consist-

ng of a copper plate (length and width of 5.5 cm, 1 cm thick-

ess) with an embedded electrical heater, 17 Watts were trans-

erred to the system, which heated the heater to about 50 ˚C. In

he system, two sample windows were located on both sides of the

eater (glass thickness of 6 mm, length and width of 8 cm), and

ext to them two additional copper plates. Each copper plate was

onitored with a K-type thermocouple connected to NEWTRON

M-5005 thermometer to determine heat transfer through the sys-

em. The entire system was isolated from the external environment

y wrapping a thermally insulated material of polyacrylamide. The

ides of the window were also built of insulating material to allow
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the heat to pass through the liquid itself, not through the sides

of the window. The ratio of the heating power to the temperature

difference between the central (heated) plate and the side plate is

proportional to the U-factor of the window placed between these

two plates. 

In the second step, the overall U-factor of the studied window

system was derived including estimates for the heat convection on

both sides of the window. The window profile determined in the

study consists of the microalgae in a medium of 20 mm thickness

encased between two layers of 6 mm clear glass. The U-factor was

calculated according to Eq. (1) , based on ASHRAE [1] . 

 = 

1 

1 
h ex 

+ 

1 
h int 

+ 

t g1 

10 0 0 ·K g1 
+ 

t w 
10 0 0 ·K w + 

t g2 

10 0 0 ·K g2 

(1)

where: 

h = outdoor ( h ex ) and indoor ( h int ), respectively, convection co-

efficient from the glass surface, W m 

−2 K 

−1 

t = width, mm 

K = thermal conductivity, W m 

−1 K 

−1 

g 1 , g 2 , w = glass layer 1, glass layer 2 and water layer, respec-

tively. 

The convection coefficients from the glass to the environmental

conditions according to ISO 15099 (2003): 

Outdoors: h ex = 24 W m 

−² K 

−1 ; TA ex = 0 ̊C, I s = 300 W m 

−²,
Indoors: h int = 8 W m 

−² K 

−1 ; TA int = 20 ̊C 

The thermal conductivity of the glass layers was taken as 1 W

m 

−1 K 

−1 representing flat clear glass (made by Phoenicia, Israel).

Based on the preliminary experiment, which found that the effec-

tive conductivity of water with algae was the same as pure water

(up to the measurement resolution), the thermal conductivity of

pure water was used. The value was selected as 0.64 W m 

−1 K 

−1 

about 10% higher than that of water at 25 ˚C, to represent some

added effective conduction due to natural convection in the water

layer. 

A sensitivity test was performed to study the effect of different

thermal conductivity values of water with natural convection in

the window system ( K w 

) on the energy consumption in the stud-

ied space. The different values were estimated as the percentage of

the thermal convection of still water layer at 25 ˚C, starting from

10% to 100%. The calculated overall U-factor of the window system

with the different values was estimated as follows: 

U-factor 4.9 when K w 

= 0.64 (10%); U-factor 5.0 when K w 

= 0.73

(25%); U-factor 5.1 when K w 

= 0.87 (50%); U-factor 5.3 when

K w 

= 1.16 (100%) 

The results are presented in Table A.1 in the Appendix. The ta-

ble shows the annual energy differences at the case of maximum

algae concentration (100%) with C. reinhardtii and with C. Vulgaris ,

compared to the base case of water only (0% algae), using the wa-

ter conductivities (Kw = 0.64, 0.73, 0.87, 1.16 W m 

−1 K 

−1 ) . The

cases of maximum and minimum algae concentrations were stud-

ied at large window size (90% size of facade), at four orientations

- South, East, West and North. In all the four orientations, the re-

sults show small differences of the energy consumption with the

various K w 

up to 0.4 kWh m 

−2 year −1 . 

2.2.2. Solar heat gain and visible transmittance 

The ability to control solar heat gain through fenestration is es-

timated by the two properties VT (Visible transmittance) and SHGC

(Solar heat gain coefficient). 

For estimating VT and SHGC, measurement of the radiation

transmittance through small scale of glass model (length and

width of 2.5 cm, 1 cm depth) with the algae species, at different

concentrations, was performed using spectrophotometer CARY 500
can of VARIAN. The measurements were performed in two sets

n the visible light of 350–750 nm and in infrared light of 700–

0 0 0 nm. 

Visible transmittance (VT) represents the optical property of

he amount of visible light transmitted through the glazing in the

ystem. For determining the transmitted solar radiation, the inte-

ral of the measured transmittance results over wavelength 350–

50 nm were normalized with the solar spectral irradiance accord-

ng to Standard ASTMG173. The same procedure was performed on

he measured transmittance over wavelength 70 0–10 0 0 nm for us-

ng this data later on for calculating the SHGC. 

The Solar Heat Gain Coefficient (SHGC) represents the solar heat

ain through the fenestration system as related to the incident so-

ar radiation. The SHGC is composed of two components; the first

ne is the directly transmitted solar radiation, the second one is

he inward-flowing portion of the absorbed solar radiation, radia-

ion that is absorbed in the glazing and fenestration and is sub-

equently conducted, convected, and radiated to the interior of

he building. The SHGC was calculated using Eq. (2) according to

SHRAE [1] . 

HGC ( θ ) = T f 1 ,L ( θ ) + 

L ∑ 

k =1 

N k A 

f 
k : ( 1 ,L ) ( θ ) (2)

here: 

T f 1, L ( θ ) = Front transmittance of the glazing system (calculation

at normal incidence: θ = 0 ) 

L = number of glazing layers (L = 2 glass layers) 

A 

f 
k : (1, L ) = Front absorptance of layer k (k = 3 layers of glass, wa-

ter and glass) 

N K = inward-flowing fraction for layer k 

The calculation used the environmental conditions according to

SO 15099 (2003): 

Outdoors: h ex = 14 W m 

−² K 

−1 ; TA ex = 30 ̊ C, I s = 500 W m 

−², In-

doors: h int = 8 W m 

−² K 

−1 ; TA int = 25 ˚C 

For calculating Eq. (2) , the transmittance of glazing ( T ) was esti-

ated from the integral data of the overall wavelength (visible and

nfrared light) as measured at the different concentrations. The in-

ard flowing fractions (N) were calculated from the relation of the

-factor of the glazing to the effective heat transfer coefficient be-

ween the exterior environment and the kth glazing layer ( U / h ex,k )

ccording to ASHRAE [1] . 

The absorptance ( A ) was calculated according to Eq. 5 using the

bsorptance estimates of the two glass layers ( αg ) and of the wa-

er layer ( αw 

) using Eqs. (3 ) and (4) for calculating the absorptance

f the three k layers ( A 1 , A 2 , A 3 ). These expressions for transmit-

ance and absorptance account only for one single pass of radia-

ion. Changes due to multiple reflections are neglected, since re-

ectance values are relatively small at zero incidence angle. 

1 ( 0 , λ) = ( 1 − ρ1 ( 0 , λ) ) 
4 · e −2 αg t g (3)

2 ( 0 , λ) = ( 1 − ρ1 ( 0 , λ) ) 
2 · e −2 αg t g · ( 1 − ρ2 ( 0 , λ) ) 

2 · e −αw t w (4)

 1 = ( 1 − ρ1 ) ·
(
1 − e −αg t g 

)

 2 = ( 1 − ρ1 ) · e −αg t g · ( 1 − ρ2 ) ·
(
1 − e −αw t w 

)

 3 = ( 1 − ρ1 ) · e −αg t g · ( 1 − ρ2 ) 
2 · e −αw t w ·

(
1 − e −αg t g 

)
(5)

here: 

τ 1 = transmittance of glass and air window 

τ 2 = transmittance of glass and water window 

ρ = reflectance between glass to air, when ρ = ρ
1 1 4 
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Fig. 2. Schematic setup for calculating thermal and optical properties in the studied window profile. (a) Parameters for overall U-factor calculation, (b) One single pass 

incident radiation. 
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ρ2 = reflectance between glass to water, when ρ2 = ρ3 

α = volumetric absorption coefficient of glass ( αg ) and of water

( αw 

), 1/cm 

t = thickness of glass ( t g ) and of water (t w 

) 

Fig. 2 illustrates the schematic setup for calculating the ther-

al and optical properties in the studied window, where (a) is the

etup for calculating the overall U-factor based on Eq. (1) and (b)

llustrates the one single path of incident radiation for calculating

HGC based on Eqs. (2) to (5) . 

.3. Room space within a building structure 

The impact of the algae window on the energy consumption

ithin a room space in a building structure was estimated by an

xtensive modeling and simulation study. 

.3.1. EnergyPlus Model 

The energy performance of the algae window was studied us-

ng the US DOE’s EnergyPlus software; a widely used simulation

ngine for modeling the energy required for heating and cool-

ng a building using a variety of mechanical systems and en-

rgy sources [7] . Ladybug and Honeybee were used for geomet-

ical modeling and as a graphical interface for EnergyPlus. They

re two open source plugins for Grasshopper and Rhinoceros, a 3D

odeling software, that help explore and evaluate environmental

erformance. Ladybug imports standard EnergyPlus weather files

EPW) into Grasshopper, while Honeybee connects the visual pro-

ramming environment of Grasshopper to the EnergyPlus validated

imulation engine which evaluates building energy consumption

 [14,22,33,34] ). These plugins enable a dynamic coupling between

he flexible, component-based, visual programming interface of

rasshopper and a validated environmental data sets and simula-

ion engines. 

.3.2. Simulated windows 

The simulation study was applied in an office space in the

orter School of Environmental Studies (PSES) building at the Tel-

viv University, Israel. The PSES building has received the highest

ccreditation of two certified Green Buildings standards; LEED Plat-

num and Israel Green Building Standard Diamond rating (IS 5281).
ig. 3 shows the studied space in the building, which act as an of-

ce room characterized by concrete walls with thermal insulation

nd with inner white plaster coating, where the studied window is

ocated in the center of the North façade which constitutes 15% of

he façade area. The parameters used in the simulation study were

et according to the characteristics of the studied space and win-

ow. A climate weather data for Tel Aviv was used for the evalua-

ion of all cases: Tel Aviv is situated on a plain along the east coast

f the Mediterranean Sea (32 °06 ′ N 34 °47 ′ E) and characterized by

ot and humid climatic conditions: The daily maximum tempera-

ure is 29.0–30.0 °C on average with minimum relative humidity

f 60%, the daily minimum temperature is around 22.2 °C with av-

rage relative humidity around 83% [3] . 

The model was adjusted according to the use and activity in

he studied office space including the number of people using the

pace, hours of activity and the existing lighting system in the PSES

uilding. Two main research directions were studied in the simu-

ation study: 

1. Simulations conducted on an existing window in the studied

space ( Fig. 4 ), applying the two studied microalgae species ( C.

reinhardtii and C. vulgaris ) within the window in various con-

centrations from A-10% to A-100%. The total number of simula-

tions were 23 yielding results per year, per month and per day

(21th day of 4 seasons) for all the study cases ( Table 1a ). 

2. Parametric simulations ( Fig. 4 ) according to window orientation

(4 main façade directions; South, East, West, North), and ac-

cording to window dimensions (6 cases determined as the per-

centage of the window area from the façade area; 15%, to 90%

every 15%). The total number of simulations were 552 yielding

results per year for all the study cases ( Table 1b ). 

The parametric simulations were performed for each window

rientation and size in the studied space, for the reference profiles

nd the algae window containing the two microalgae species in

ifferent concentrations. 

In all simulations, the window profile was determined as

0 mm width between two layers of 6 mm clear glass. The as-

umption is that the used glass will have a safety factor such as

aminated safety glass used in the actual algae window profiles in

he BIQ building in Germany [6,41] . The dimension of the window

n the studied office in PSES building is a square of 0.85 m without
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Fig. 3. Studied space room in PSES building at Tel-Aviv University Israel (Studied window - North window, size 15% of façade). 

Fig. 4. Simulated window configurations based on six window sizes, each configuration studied at four main orientations (N, E, S, W). 

Table 1a 

The simulated study cases and parameters of the studied window system in the studied space room in PSES building 

(Façade orientation: North, Window size: W-15%). 

Study cases in the window 

system 

Microalgae No. of results 

Specie Concentration Year Month (12) Day – 24 hrs (21th – 4 seasons) 

WIN-SG (single glazing) — 1 12 96 

WIN-DG (Double glazing) — 1 12 96 

WIN-Water (base case) — 1 12 96 

Algae window 2 10 20 240 1920 

Total No. of Simulations 23 

Table 1b 

The simulated considered study cases and parameters of the studied window system according to the window orientation and dimensions. 

Study cases in the window 

system 

Microalgae Parametric change No. of results (4 orientations ∗

6 window size) 
Specie Concentration Window facade Window size 

WIN-SG (single glazing) — • South 
• East 
• West 
• North 

• 15% 
• 30% 
• 45% 
• 60% 
• 75% 
• 90% 

24 

WIN-DG (Double glazing) — 24 

WIN-Water (base case) — 24 

Algae window 2 10 480 

Total No. of Simulations 552 
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Table 2 

Comparison of heat transfer in TAP containing the studied microalgae species. 

C. reihardtii C. vulgaris 

�T [ ̊C] = TAP with H 2 O VS TAP with H 2 O and algae specie 0.01 0.20 
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he frame, and the window size relative to the façade area of the

tudied space is 15%. 

. Results and discussion 

.1. Thermal and optical properties 

The algae window energy performance was determined through

he thermal and optical properties of the U-factor, VT and SHGC.

able 2 shows the results of the measured temperature differ-

nce between the microalgae species and the tap, indicating no

ignificant temperature difference between the system containing

icroalgae and the one that contains water without microalgae.

ence, based on the experiment results, for calculating the U-

actor of the algae window, the thermal conductivity of water can

e used to represent the mixture of microalgae and water. 

In the heat transfer experiment, large temperature differences

ere found in the system between the heater of the system (50 ̊ C)

nd the copper plates on the sides of the sample windows (about

7 ˚C). The large temperature difference may create natural con-

ection flow within the water layer, depending on the depth of

he water layer and the vertical dimension of the window profile.

mdu et al. [39] in their study on thermal transmission within mi-

roalgae panel bioreactor, showed the existence of heat convection

n the bioreactor with the increased water layer in the reservoir

ue to air water circulation at thickness above 17.5 cm (observed

-factor raised from 4.07 to 5.29 when the reservoir thickness in-

reased from 17.5 to 30 cm). At the much smaller reservoir thick-

ess of around 2 cm, as was studied in this research, natural con-

ection flow is not expected to occur. If some convection does ex-

st in the experiment, its effect will be similar in both cases with

nd without the algae, and therefore the conclusion on the val-

es of the U-factor should remain valid. Nevertheless, the window

ystem in this study (microalgae medium between two layers of

 mm clear glass) needs to be tested also in real scale to validate

his conclusion. 

The calculation of the overall U-factor of the studied window

ystem was according to Eq. (1) taking into account the thermal

onductivity of the glass layers and of the water which represents

he mixture of water and microalgae as was found in the exper-

ment. The estimated U-factor for the studied algae window was

ound to be as 4.9 (W m 

−² K 

−1 ) at center of glass and of 20 mm

idth. In the study of Umdu et al. [39] , the experiment method

as different than the presented study including 3 glass layers of

ater reservoir, air layer and heat exchange plate. The measured

-factor values ranged from 3.84 to 53.19 (W m 

−2 K 

−1 ) depend-

ng on the change in the design parameters of water resorvier, air

ayer and reservoir wall thickness. 

As described in Section 2.3.2 the parametric simulations in-

luded change of the window dimension from 15% up to 90%. En-

arging the window size as one single unit will require a thicker

lass due to the water pressure; accordingly at maximum window

ize of 90%, the required glass width can reach up to 30mm, which

an be impractical due to high weight and cost. However, a large

indow can be segmented into several small sections connected

y dividers. Each section contains a single glass sheet that can be

easonably thin and light due to the smaller size. The vertical glass

nits along the façade of BIQ building in Germany are an example

f such construction. In the simulation analysis we assumed that

he actual window construction will include multiple smaller glass
egments of 6 mm thickness connected with dividers. Since there

s a variety of divisions and of frame types, we avoided the explicit

odeling addition of the frames and focused on the glass impact

nly. 

In all the simulations, the calculated U-factor of 4.9 W m 

−2 

 

−1 was used for the whole year. U-factor changes during the year

ainly due to the external changes in air temperature ( TA ex of 0 °C
n winter and 25 °C in summer), and in heat transfer mainly due

o convection ( h ex of 24 W m 

−2 K 

−1 in winter and 14 W m 

−2 K 

−1 

n summer). Nevertheless, the difference in the U-factor is small;

.9 W m 

−2 K 

−1 in winter and 4.3 W m 

−2 K 

−1 in summer. Accord-

ngly, the error in the estimated yearly energy consumption will

e small. Moreover, by using the same U-factor for the whole year,

he error in all simulations is in the same direction, hence the ef-

ect on the differences among the studied cases is also small. It is

o be mentioned that the paper deals with the comparison of the

ifferences in the energy saving among the studied cases and not

n the absolute values of the energy consumption. 

Fig. 5 shows the measured transmittance of visible light 350–

50 nm and infrared light 70 0–10 0 0 nm, in the glass model con-

isting of the algae species, at different algae concentrations. The

esults in the figure indicate a significant impact of the algae con-

entrations on the transmittance within the window system, at the

tudied VIS and NIR wavelengths. 

Fig. 6 illustrates the volumetric absorption coefficient αw 

of the

ater layer with and without the algae species, for microalgae con-

entrations of maximum (A-100%) and minimum (A-20%), and for

he base case (water only). The volumetric absorption coefficients

ere calculated according to Eq. (4) , based on the measured over-

ll transmittance of the window system, and subtracting the effect

f absorption and reflections at the glass layers. The volumetric ab-

orption coefficients as shown in the figure were used to calculate

he average over the wavelengths of VIS and of NIR and as average

ver all wavelengths (weighted average of 0.512 for VIS and 0.488

or NIR according to ASHRAE [1] ): 

• Water (base case) - 0.150 (VIS), 0.173 (NIR), 0.161 (Av.) 
• C. reinhardtii - Max. 0.630 (VIS), 0.431 (NIR), 0.533 (Av.). Min.

0.300 (VIS), 0.231 (NIR), 0.266 (Av.) 
• C.vulgaris - Max. 0.755 (VIS), 0.562 (NIR), 0.661 (Av.). Min. 0.237

(VIS), 0.294 (NIR), 0.265 (Av.) 

The averaged volumetric absorption coefficients indicate that

he absorption by water was up to 30% of the algae absorption at

aximum concentrations. 

The results indicate a larger impact of the C. vulgaris on the

bsorption and on the transmittance than of the C. reinhardtii as

he concentration increases to maximum. 

Based on the measured data and using eq’s 2 to 5, the VT and

HGC were estimated for the studied window with the microalgae

pecies at different concentrations. Table 3 shows the calculated VT

nd SHGC for the different algae concentrations. 

As shown in Table 3 , the results indicate the impact of the al-

ae concentrations on the visible transmittance (VT) and on the

olar heat gain coefficient (SHGC) through the algae window sys-

em. The VT results range from 0.50 minimum (10%) to 0.08 max-

mum (100%) for the window with C. reinhardtii and 0.45 (20%) to

.04 maximum (100%) for the widow with C. vulgaris . Due to the

lgae concentration impact on VT, the SHGC decreases as the al-

ae concentration increases, reaching up at maximum concentra-

ion (100%) to 0.13 for C. reinhardtii and 0.07 for C. vulgaris . 
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Fig. 5. Radiation transmittance through the window system between different algae concentrations and base case of 0% (water only). A: C. reinhardtii transmittance at 

350–750 nm B: C. reinhardtii transmittance at 70 0–10 0 0 nm C: C. vulgaris transmittance at 350–750 nm D: C. vulgaris tansmittance at 70 0–10 0 0 nm. 

Fig. 6. Volumetric absorption coefficient of water and of algae species ( C. reinhardtii and C. vulgaris ) in the window system at the studied wavelength of VIS and NIR. Max. 

(A-100%) and Min. (A-20%). 

Table 3 

VT and SHGC estimations through the algae window system at different concentrations. 

Algae specie and 

properties Empty 

Microalgae concentrations [%] 

10 20 25 30 40 50 60 70 85 100 

C. reinhardtii VT 0.84 0.50 – 0.34 0.31 0.24 0.21 0.16 0.14 0.11 0.08 

SHGC 0.82 0.53 – 0.41 0.37 0.31 0.27 0.23 0.21 0.16 0.13 

C. vulgaris VT 0.84 – 0.45 – 0.33 0.17 0.14 0.11 0.08 0.06 0.04 

SHGC 0.82 – 0.40 – 0.30 0.20 0.16 0.13 0.11 0.09 0.07 

VT = Visible Transmittance, SHGC = Solar Heat Gain Coefficient 
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Fig. 7. Simulated energy consumption for cooling, heating and lighting at the studied space (with Northern window and size of W-15%). (a): Monthly energy use at base 

case (WIN-Water, 0% algae), (b): Daily energy use differences of algae window (20%, 25%, 50%, 100% concentrations) and WIN-Water, in January and July at 12:00. where: 1) 

C. Reinhardtii and (2) C. Vulgaris. 
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.2. Simulated energy performance 

.2.1. Energy use results in the studied space 

The energy performance of the studied algae window was sim-

lated with the two algae species in different concentration. Fig. 7

hows the simulated results in the studied space with window ori-

nted to North and size of 15% of the façade area: The monthly

nergy consumption in base case (WIN-water with 0% Algae), for

ooling, heating and lighting (left), and the daily energy consump-

ion difference between 3 main algae concentrations and the base

ase at noontime 12:00 in winter and in summer (right). As shown

n the figure, the monthly energy consumption in WIN-Water is

ainly for cooling of 5742 Wh m 

−2 month 

−1 average of summer

onths, small consumption for heating of 483 Wh m 

−2 month 

−1 

verage of winter months and 405 Wh m 

2 month 

−1 for lighting

verage of the whole year. The small amount of energy consump-

ion is due to the well-insulated external surfaces of the space and

he small window size within the space. As compared to the base

ase (WIN-water), the daily maximum savings at midday (12:00)

as up to 0.2 Wh m 

−2 day −1 for heating in winter and for cool-

ng in summer, with slight advantage for the algae window with

. reinhardtii than with C. vulgaris . The minor savings for heating

nd cooling are due to the uniform U-factor value to all studied

lgae concentrations and species, and also due to the small size of

he window. The main effect of the algae window was for lighting

hich increased as the algae concentration increases, up to 1.4 Wh

 

−2 day −1 in winter and 2.0 Wh m 

−2 day −1 in summer, in both

lgae species. 

.2.2. Energy use results in the parametric simulations 

.2.2.1. The impact of the reference window profiles. The simulations

ere also applied on reference window profiles in the studied

pace as to understand the algae impacts within the studied win-

ows types. The reference window profiles were the studied win-

ow system (20 mm width between two layers of 6 mm clear

lass) with water only defined as the base case (WIN-Water), and

tandard window profiles of Single Glazing (WIN-SG) and of Dou-

le Glazing (WIN-DG). The properties of the window profiles used

n the simulations: 

• Base case (WIN-Water): U-factor 4.90, VT 0.79, SHGC 0.69 
• Standard single glazing (WIN-SG): U-factor 5.80, VT 0.86, SHGC

0.90 
• Standard double glazing (WIN-DG): U-factor 3.12, VT 0.76, SHGC

0.81 

Fig. 8 shows the differences in the energy use between the base

ase (WIN-Water, 0% algae) and the two standard window profiles

f Single Glazing (WIN-SG) and of Double Glazing (WIN-DG). It

s shown that the energetic performance of the base case is less

han the WIN-DG and better than the WIN-SG. The differences

hange among the four orientations (S-south, E-east, W-west, N-

orth) and the window size (ranging from 15% to 90% of façade

rea). The large difference occurs in the energy for cooling which

ncreases as the window size increases, with maximum differences

n the South orientation and minimum in the North. The small dif-

erence occurs in the energy for heating due to the well-insulated

xternal surfaces of the studied space which characteristics are the

asis for all simulations. The energy differences for lighting is also

mall, but has a changing trend along the window size correlated

ith the energy for cooling, indicating that in the small window

izes (15%–30%) the demand for lighting is larger and the demand

or cooling is smaller, and as the window size increases up to 90%

he demand for lighting decreases while the demand for cooling

ncreases. 

Table 4 shows the yearly energy consumption in the three ref-

rence window profiles without microalgae concentrations, at min-

mum and maximum window sizes. The results in the table show

hat at maximum window size - the double glazing (WIN-DG) has

he best thermal performance, and the WIN-Water is similar to the

ingle glazing (WIN-SG) with slight advantage for the window with

ater. At minimum window size, the trends seem to be opposite. 

.2.2.2. The impact of the Algae window. Based on the studied

pace characteristics and climatic conditions, parametric simula-

ions were conducted of changing the window dimensions and its

rientation in the studied space. Table 5 shows main simulated re-

ults in the studied space with the two algae species in minimum

nd maximum window sizes. 

It is shown in the Table 5 a clear difference between the north-

rn window and the south, east and west orientations, where the

ain change in the energy consumption between small (20%) to
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Fig. 8. Differences of energy consumption (kWh m 

−2 year −1 ) for cooling, heating and lighting, between the base case (WIN-Water, 0% algae) and the reference standard 

windows of WIN-DG and of WIN-SG, in four orientations (S-south, E-east, W-west, N-north). 
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large (100%) algae concentration is for lighting in the northern

window and for cooling in the other orientations. These changes

enhance as the window size increase from minimum to maximum.

The energy consumption for heating is the smallest where it in-

creases from south to north, among the changes from minimum

to maximum window size and enlarge algae concentration, the

changes in the heating are the smallest as compared to cooling and

lighting. 

Figs. 9 and 10 illustrate the change in energy consumption in

the studied space, simulated against four variables: the microal-

gae species, the concentration of the microalgae in the window

medium, the size of the window, and four main directions of the

window façade. In the Figures, the potential energy saving was de-

fined as the difference among the energy use between the algae

window and the reference windows of WIN-SG (Single glazing)

and of WIN-DG (Double Glazing), where; the symbol (–) repre-

sents the savings and symbol ( + ) represents non-savings. 
d

Table 4 

Simulated yearly energy consumption at the studied sp

and maximum window sizes, PSES building in Tel-Aviv, 

Energy use ∗

(kWh m 

−2 year −1 ) 

Minimum Window size (W

WIN-water WIN-SG 

SOUTH C 30.9 30.1 

H 0.4 0.3 

L 7.6 7.1 

EAST C 29.8 29.3 

H 1.3 1.3 

L 9.6 8.4 

WEST C 26.4 25.7 

H 1.2 1.2 

L 8.3 7.4 

NORTH C 35.8 35.7 

H 2.2 2.4 

L 10.8 8.8 

W-15%: Min. of 15% window size from façade area, W-9

Reference windows: WIN-Water = water, WIN-SG = Singl
∗ Annual energy use (kWh m 

−2 year −1 ) for C (cooling
It is shown in the figures, that the algae concentration in the

outh, east and west orientations, changes in the different window

izes and at the two algae species. The simulated results indicate

hat the north façade differs from the other orientations; a greater

hermal effect by the U-factor occurs on the northern façade than

he radiation effect of VT and SHGC due to no direct radiation

enetrating to the north. Consequently, as the algae concentration

ncreases in the window the more energy consumption is needed

n the room. In the south, east and west orientations, the effect of

adiation transmittance and shading is stronger than the thermal

ffect, and consequently as the algae concentration increases in the

indow, less energy consumption is needed in the room and en-

rgy saving is possible. When the window size is smaller than W-

0%, there is no energy saving of the algae window in all the four

rientations and the energy consumption is mainly for lighting. 

As for the maximum energy use differences, in the northern

riented window there is no saving which increases as the win-

ow size and algae concentration increases, up to 18 KWh m 

−2 
ace with reference window profiles, at minimum 

Israel. 

-15%) Maximum Window size (W-90%) 

WIN-DG WIN-water WIN-SG WIN-DG 

31.5 42.2 47.2 39.0 

0.4 0.3 0.4 0.3 

7.4 6.3 6.2 6.3 

30.2 55.8 58.3 55.2 

1.2 0.8 0.9 0.5 

9.0 6.4 6.3 6.4 

26.9 65.3 68.7 64.6 

1.2 0.9 0.9 0.6 

7.8 6.2 6.2 6.2 

35.9 27.9 27.5 26.6 

2.1 3.6 3.9 2.5 

9.8 6.4 6.3 6.4 

0%: Max. of 90% window size from façade area. 

e glazing, WIN-DG = Double glazing. 

), H (heating), L (lighting). 
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Fig. 9. Energy use differences (kWh m 

−2 year −1 ) from reference WIN-SG (Single Glazing), according to the algae type, algae concentrations and window size at four orienta- 

tions (S-south, E-east, W-west, N-north). 
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Fig. 10. Energy use differences (kWh m 

−2 year −1 ) from reference WIN-DG (Double Glazing), according to the algae type, algae concentrations and window size at four 

orientations (S-south, E-east, W-west, N-north). 
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Table 5 

Simulated yearly impact of the algae within the window system on the energy consumption at the studied 

space, at minimum and maximum window sizes, PSES building in Tel-Aviv, Israel. 

Energy use ∗

(kWh m 

−2 year −1 ) 

Minimum Window size (W-15%) Maximum Window size (W-90%) 

C. reinhardtii C. vulgaris C. reinhardtii C. vulgaris 

A-25% A-100% A-20% A-100% A-25% A-100% A-20% A-100% 

SOUTH C 31.9 33.0 32.2 33.4 34.6 25.5 34.6 26.2 

H 0.5 0.6 0.5 0.7 0.2 0.3 0.2 0.3 

L 10.3 17.1 9.0 18.5 6.5 9.3 6.4 12.6 

EAST C 31.0 32.1 31.2 32.5 50.7 45.5 50.7 43.6 

H 1.3 1.4 1.4 1.4 1.2 1.8 1.2 2.0 

L 13.0 18.1 11.7 19.0 6.8 12.2 6.6 15.1 

WEST C 28.2 29.9 28.3 30.4 58.3 50.4 58.3 48.5 

H 1.3 1.4 1.4 1.5 1.3 1.8 1.3 2.0 

L 11.4 17.0 10.2 18.3 6.4 10.6 6.3 13.3 

NORTH C 35.9 36.2 36.1 36.4 30.5 33.0 30.5 33.7 

H 2.2 2.2 2.2 2.2 4.1 4.3 4.1 4.5 

L 15.4 18.9 14.0 19.4 6.8 14.5 6.6 17.2 

W-15%: Min. of 15% window size from façade area, W-90%: Max. of 90% window size from façade area. 

A-20%, A-25%: Minimum algae concentrations, A-100%: Maximum algae concentration. 
∗ Annual energy use (kWh m 

2 year −1 ) for C (cooling), H (heating), L (lighting). 

Table 6 

Factional impact of the maximum energy differences of the studied algae species at the four orientations. symbol ( −) represents the savings and symbol ( + ) 

represents non-savings. 

Energy use 

(Wh m 

−2 

year −1 ) 

Max. energy use differences from WIN-SG Max. energy use differences from WIN-DG 

Size ∗ Energy use difference Fractional impact Size ∗ Energy use difference Fractional impact 

C. reinhardtii SOUTH 35.1 W-90% 

A-100% 

−19 54.1% W-90% 

A-85% 

−11 31.3% 

EAST 57.8 W-90% 

A-60% 

−8 13.8% W-90% 

A-60% 

−5 8.6% 

WEST 62.0 W-90% 

A-85% 

−14 22.5% W-90% 

A-100% 

−9 14.5% 

NORTH 51.9 W-90% 

A-100% 

+ 14 26.9% W-90% 

A-100% 

+ 16 30.8% 

C. vulgaris SOUTH 37.1 W-90% 

A-60% 

−20 53.9% W-90% 

A-60% 

−11 29.6% 

EAST 58.0 W-90% 

A-60% 

−8 13.8% W-90% 

A-50% 

−5 8.6% 

WEST 62.2 W-90% 

A-85% 

−14 22.5% W-90% 

A-70% 

−10 16.1% 

NORTH 55.4 W-90% 

A-100% 

+ 18 32.5% W-90% 

A-100% 

+ 20 36.1% 

∗ Size: W = Window size, A = Algae concentration. 
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ear −1 In the South, east and west orientations the saving occurs

s the window size increases, where the largest saving occurs in

he south 20 KWh m 

−2 year −1 , followed by the west 14 KWh m 

−2 

ear and the east 8 KWh m 

−2 year −1 . The significance of these

aximum magnitudes, relative to the total energy consumption in

he studied room, change according to the window orientation as

hown in Table 6 . 

These impacts were studied for Mediterranean climate of Tel-

viv, Israel (32 °06 ′ N 34 °47 ′ E). Different climate region and geo-

raphic location should yield similar trends but different quanti-

ative impacts. 

.2.3. Statistical analysis 

The multiple linear regression was applied in estimating the to-

al energy saving of the algae window for each orientation. The ex-

lanatory variables considered are the algae concentration and the

indow size, for each of the studied algae specie ( C. reinhardtii and

. vulgaris ). The simulated results were studied by regression anal-

sis using Eq. (6) . The energy saving was estimated as the energy

onsumption in the algae window compared to the energy con-

umption of three reference cases: 1) Base case of window with

ater; WIN-water, 2) Reference standard window of Single glaz-

ng; WIN-SG, 3) Reference standard window of Double glazing;

IN-DG. The estimated data used for the regression are given in
ables B.1–B.3 in the Appendix. 

 S Total = a + b 1 X 1 + b 2 X 2 + b 3 X 1 X 2 (6)

here: 

ES Total = Energy saving of the algae window (estimated as the

energy consumption of the algae window compared to three

comparison cases:1. WIN-water, 2. WIN-SG, 3. WIN-DG) 

X 1 = Algae concentration in the window system (ranging from

A-10% to A-100%) 

X 2 = Window size (relative size to the façade wall ranging from

W-15% to W-90%) 

Table 7 shows the regression results according to Eq. (6) of as

ompared to the three comparison cases: 

1. WIN-water, 2. WIN-SG, 3. WIN-DG. All correlations are statis-

tically highly significant. 

The main results are as follows, according to reference case 1.

he effects are similar in cases 2 and 3 but with different magni-

udes: 

• Algae concentration was found to enlarge the energy consump-

tion as the algae concentration increases (Positive b 1 ). The ef-

fect is small for all orientations. For 10% increase of the algae
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Table 7 

Regression results of the algae window system studied at the various simulations. 

Energy saving Regression results 

Window facade 

Reference 

case 

C.reinhardtii C.vulgaris 

a b 1 b 2 b 3 R a b 1 b 2 b 3 R 

SOUTH WIN-water 2.28 0.204 −0.097 −30.805 0.97 3.62 0.227 −0.151 −23.257 0.94 

WIN-SG 4.92 −0.188 0.97 7.25 −0.273 0.97 

WIN-DG 1.03 −0.038 0.95 3.36 −0.123 0.93 

EAST WIN-water 2.12 0.122 −0.074 −15.203 0.97 2.53 0.141 −0.099 −12.902 0.96 

WIN-SG 3.82 −0.125 0.97 4.73 −0.164 0.97 

WIN-DG 2.53 −0.067 0.97 3.44 −0.106 0.96 

WEST WIN-water 2.74 0.120 −0.100 −20.670 0.97 2.63 0.140 −0.122 −18.592 0.96 

WIN-SG 4.18 −0.159 0.96 4.92 −0.205 0.96 

WIN-DG 3.15 −0.087 0.97 3.89 −0.133 0.97 

NORTH WIN-water 3.28 0.074 −0.042 8.942 0.97 3.61 0.068 −0.046 15.156 0.93 

WIN-SG 4.96 −0.061 0.98 5.84 −0.066 0.94 

WIN-DG 3.50 −0.020 0.97 4.34 −0.024 0.95 

X1 = Algae concentration, X2 = Window size, X1X2 = Combination factor. 
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(  
concentration, the maximum energy consumption increases up

to 0.204 KWh m 

2 year −1 and 0.227 KWh m 

−2 year −1 in the

South windows with C. Reinhardtii and C. vulgaris , respectively. 
• Window size was found to reduce the energy consumption as

the window size enlarges for all orientations (Negative b 2 ).

At each reference case, the effect is the largest in the South

orientation;. For 15% increase of the window size, the maxi-

mum energy saving reaches up to 0.188 KWh m 

−2 year −1 and

0.273 KWh m 

−2 year −1 in the South windows (case 2) with C.

Reinhardtii and C. vulgaris , respectively. 
• Combination impact represents the explanatory variable of the

window size with the algae concentration, and indicates that

changing the algae concentration and window size together has

the strongest effect. The combining factor was found to reduce

the energy consumption as the algae concentration increase

along with the window size enlargement in the South, East and

West (Negative b 3 ), and increase the energy consumption in the

North (Positive b). For every increase in the algae concentra-

tion with t he window size level, the energy saving reaches up
Fig. 11. Energy use differences (kWh m 

−2 year −1 ) from reference windows of WIN-DG (Do

and window size, for each algae specie at four orientations (S-south, E-east, W-west, N-n
to 30.805 kWh m 

−2 year −1 in the Southern windoew with C.

reinhardtii and 23.257 kWh m 

−2 year −1 with C. vulgaris, and

the energy consumption increases of 8.942 KWh m 

−2 year −1 in

the Northern window with C. reinhardtii and 15.156 kWh m 

−2 

year −1 with C. vulgaris . 

The regression results indicate that for each orientation, the

imulation results provide a good match to the mon otonic lin ear

rends assumed by the Eq. (6) according to window s ize and al-

ae concentration as shown in Fig. 11 . The trend indicate that the

aximum available energy saving can be reached as the window

ize and algae concentration increase, in the case of S, E and W

rientations. In the case of the N orientation , the minimum energy

se can be reached as the window size and algae concentration

ecreases. As to microalgae specie, the energy saving increases in

oth studied species with the increase in the window size. The dif-

erence between the two species occurred in the algae concentra-

ion: at maximum concentration, microalgae specie with large cells

 C. reinhardtii ) have more impact on energy saving than the specie
uble Glazing) and of WIN-SG (Single Glazing) according to the algae concentrations 

orth), using the regression results. 
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ith smaller cells ( C. vulgaris ), and at minimum concentration the

rend is reverse where C. vulgaris has more impact on the energy

aving than C. reinhardtii . The differences between the two species

eached up to 5 KWh m 

−2 year −1 in the south orientation. 

. Conclusions 

The study focused on estimating the impact of studied culti-

ated microalgae species within a window system, Algae Window,

n improving energy savings in a building. The results of the study

how that the algae window has the potential to act as a passive

lement to improve the energy efficiency in the studied building

nder the conditions of the Mediterranean climate. The following

ndings were found to be statistically significant, and are of special

nterest for the design of algae windows within a building: 

(a) The energetic performance of the algae window is affected

by the facade orientation. The main difference was found

between the North façade and the South, East and West

facades. In the design of an algae window in a building,

the preferable location is in the south and west orientations

where the largest energy saving occurs due to larger pene-

trated solar radiation during the day, especially in cities in

hot climates as Tel-Aviv, Israel. 

(b) From the regression analysis for each façade orientation,

three explanatory factors were found to affect differently on

the energy consumption for each algae specie: Algae concen-

tration, window size and the combination factor of the algae
Table A.1 

Annual energy consumption differences between maximum algae

ferent water thermal conductivity at the algae window, PSES build

Energy use differences 

[kWh m 

−2 year −1 ] 

South East 

C H L C 

C. reinhardtii Kw = 0.64 −16.9 −0.02 3.1 −10.7 

Kw = 0.73 −16.6 −0.01 3.1 −10.6 

Kw = 0.87 −16.4 −0.01 3.1 −10.5 

Kw = 1.16 −16.1 0.01 3.1 −10.3 

C. vulgaris Kw = 0.64 −14.6 0.04 6.3 −11.4 

Kw = 0.73 −14.8 0.05 6.3 −11.3 

Kw = 0.87 −14.9 0.05 6.3 −11.2 

Kw = 1.16 −15.3 0.07 6.3 −11.0 

C = Cooling, H = Heating, L = Lighting. 

Kw = Natural water thermal conductivity [W m 

−1 K −1 ]. 

Table B.1 

Annual energy consumption differences vs WIN-Water, PSES building in

Algae type Orientation Window size 

Energy use differences in

100 85 70 

C. reinhardtii SOUTH 15 11.9 10.8 9.4 

30 12.6 10.9 9.0 

45 9.1 7.3 5.4 

60 0.1 −1.6 −3.4

75 −7.4 −8.9 −9.6

90 −13.9 −13.9 −11.

EAST 15 10.9 10.2 9.2 

30 8.7 7.4 5.7 

45 2.1 0.9 0.9 

60 0.3 −0.7 −1.0

75 −1.4 −2.8 −2.8

90 −3.6 −5.0 −5.0

WEST 15 12.3 11.4 10.1

30 3.1 2.2 1.8 

45 0.5 −0.4 −0.6

60 −3.5 −4.8 −4.5

75 −7.1 −8.0 −7.6

90 −9.7 −10.5 −9.9

NORTH 15 8.4 8.0 7.5 

30 12.2 11.5 10.4

45 13.3 12.2 10.7

60 13.7 12.2 10.2

75 13.9 12.1 9.9 

90 14.0 12.0 9.5 
concentration with the window size that yielded the largest

effect on decreasing the energy consumption. 

(c) The studied ability of the algae window to create energy

saving along with the potential to produce bio-energy as a

PBR, can greatly improve the energy efficiency in the build-

ing. 
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ppendix 
 concentration (A-100%) and base case (0% algae), with dif- 

ing in Tel-Aviv, Israel. 

West North 

H L C H L C H L 

0.95 5.8 −14.9 0.93 4.3 5.1 0.74 8.1 

0.95 5.8 −14.7 0.93 4.3 5.0 0.73 8.1 

0.96 5.8 −14.5 0.94 4.3 4.9 0.73 8.1 

0.96 5.8 −14.2 0.95 4.3 4.8 0.72 8.1 

1.10 8.6 −15.7 1.08 7.0 5.4 0.78 10.8 

1.10 8.6 −15.9 1.08 7.0 5.3 0.77 10.8 

1.10 8.6 −15.7 1.08 7.0 5.2 0.78 10.8 

1.11 8.6 −15.3 1.10 7.0 5.1 0.76 10.8 

 Tel-Aviv, Israel. 

 kWh m 

−2 year −1 according microalgae concentration 

60 50 40 30 25 20 10 0 

8.6 6.9 6.0 4.6 3.9 – 1.8 0.0 

8.2 6.4 5.5 4.1 3.5 – 1.9 0.0 

4.6 2.9 2.0 0.9 0.4 – −1.0 0.0 

 −4.1 −5.4 −5.3 −4.8 −5.0 – −3.8 0.0 

 −9.4 −8.1 −7.0 −6.1 −6.3 – −4.7 0.0 

9 −11.3 −9.5 −8.2 −7.5 −7.7 – −5.4 0.0 

8.7 7.4 6.7 5.4 4.6 – 2.4 0.0 

5.0 3.3 2.3 1.2 1.1 – −0.1 0.0 

0.7 0.0 −0.1 −0.9 −0.9 – −1.0 0.0 

 −1.3 −1.7 −1.7 −2.0 −2.1 – −1.4 0.0 

 −3.1 −3.4 −3.3 −3.5 −3.1 – −2.1 0.0 

 −5.2 −5.2 −4.9 −4.5 −4.3 – −2.9 0.0 

 9.4 7.9 7.1 5.7 4.9 – 2.5 0.0 

1.6 1.3 0.9 0.5 0.2 – −0.6 0.0 

 −0.8 −1.1 −1.5 −1.9 −1.7 – −1.5 0.0 

 −4.7 −4.8 −4.9 −4.6 −4.0 – −2.8 0.0 

 −7.7 −7.8 −7.2 −6.5 −5.6 – −3.6 0.0 

 −10.0 −9.2 −8.5 −7.5 −6.5 – −4.2 0.0 

7.2 6.5 6.0 5.1 4.6 – 2.5 0.0 

 9.9 8.5 7.6 5.9 4.9 – 1.9 0.0 

 9.9 7.9 6.7 4.6 3.7 – 1.7 0.0 

 9.2 6.8 5.6 4.0 3.3 – 1.8 0.0 

8.7 6.3 5.3 4.1 3.4 – 1.9 0.0 

8.4 6.2 5.3 4.2 3.5 – 2.0 0.0 

( continued on next page ) 
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16 E. Negev, A. Yezioro and M. Polikovsky et al. / Energy & Buildings 204 (2019) 109460 

Table B.1 ( continued ) 

Algae type Orientation Window size Energy use differences in kWh m 

−2 year −1 according microalgae concentration 

100 85 70 60 50 40 30 25 20 10 0 

C. vulgaris SOUTH 15 13.3 12.6 11.8 10.5 9.2 8.1 4.3 – 2.5 – 0.0 

30 15.7 14.3 12.8 10.7 9.0 7.7 4.1 – 2.6 – 0.0 

45 14.1 12.1 10.4 8.2 6.6 5.2 2.0 – 0.7 – 0.0 

60 5.9 3.8 2.0 0.0 −1.6 −2.8 −4.5 – −4.0 – 0.0 

75 −1.6 −3.7 −5.3 −7.2 −8.5 −8.6 −5.8 – −5.0 – 0.0 

90 −8.3 −10.3 −11.8 −13.3 −12.2 −10.7 −6.8 – −6.2 – 0.0 

EAST 15 11.7 11.2 10.6 9.8 8.9 8.1 4.9 – 3.0 – 0.0 

30 11.4 10.4 9.4 7.8 6.4 5.2 1.1 – 0.1 – 0.0 

45 3.5 2.4 1.8 1.3 0.7 0.5 −1.1 – −1.4 – 0.0 

60 1.7 0.6 −0.4 −0.9 −1.2 −1.7 −2.6 – −2.3 – 0.0 

75 0.0 −1.2 −2.0 −2.5 −3.2 −3.4 −3.7 – −3.1 – 0.0 

90 −1.7 −2.9 −3.7 −4.3 −5.0 −5.1 −4.7 – −3.7 – 0.0 

WEST 15 13.5 12.8 12.1 10.9 9.8 8.8 5.4 – 3.3 – 0.0 

30 5.5 4.3 3.1 1.9 1.5 1.0 −0.4 – −0.9 – 0.0 

45 1.4 0.4 −0.2 −0.6 −1.2 −1.2 −2.5 – −2.0 – 0.0 

60 −1.9 −3.0 −3.6 −4.0 −4.6 −4.6 −4.8 – −3.4 – 0.0 

75 −5.0 −6.6 −7.2 −7.5 −7.6 −7.5 −6.6 – −4.8 – 0.0 

90 −7.6 −9.1 −9.7 −9.9 −9.9 −9.5 −7.6 – −5.4 – 0.0 

NORTH 15 8.5 8.3 8.0 7.5 7.0 6.6 4.5 – 2.8 – 0.0 

30 13.2 12.7 12.1 11.2 10.3 9.4 5.4 – 2.7 – 0.0 

45 14.8 14.1 13.3 12.0 10.7 9.4 4.3 – 2.4 – 0.0 

60 15.8 14.8 13.7 12.0 10.3 8.6 3.9 – 2.5 – 0.0 

75 16.5 15.3 14.0 11.9 9.9 8.1 4.1 – 2.7 – 0.0 

90 17.0 15.6 14.1 11.8 9.6 7.8 4.2 – 2.8 – 0.0 

Table B.2 

Annual energy consumption differences vs WIN-DG, PSES building in Tel-Aviv, Israel. 

Algae type Orientation Window size 

Energy use differences in kWh m 

−2 year −1 according microalgae concentration 

100 85 70 60 50 40 30 25 20 10 0 

C. reinhardtii SOUTH 15 11.5 10.4 9.0 8.2 6.6 5.7 4.2 3.5 – 1.5 −0.4 

30 12.2 10.4 8.5 7.7 6.0 5.0 3.7 3.1 – 1.4 −0.4 

45 11.2 9.5 7.5 6.7 5.0 4.1 3.1 2.6 – 1.1 2.1 

60 3.0 1.4 −0.5 −1.2 −2.5 −2.3 −1.8 −2.0 – −0.9 3.0 

75 −4.2 −5.7 −6.3 −6.1 −4.8 −3.7 −2.8 −3.0 – −1.4 3.3 

90 −10.5 −10.5 −8.5 −7.9 −6.1 −4.8 −4.1 −4.2 – −1.9 3.4 

EAST 15 11.2 10.5 9.5 9.0 7.7 7.0 5.7 4.9 – 2.7 0.3 

30 9.5 8.2 6.5 5.8 4.0 3.1 2.0 1.8 – 0.7 0.8 

45 3.0 1.9 1.9 1.6 1.0 0.9 0.0 0.0 – 0.0 0.9 

60 1.0 0.1 −0.3 −0.6 −0.9 −1.0 −1.2 −1.3 – −0.7 0.7 

75 −0.7 −2.0 −2.0 −2.4 −2.6 −2.5 −2.7 −2.3 – −1.3 0.8 

90 −2.5 −3.9 −3.9 −4.2 −4.2 −3.9 −3.5 −3.2 – −1.8 1.1 

WEST 15 12.4 11.5 10.2 9.6 8.1 7.2 5.8 5.0 – 2.6 0.1 

30 4.0 3.1 2.7 2.5 2.2 1.8 1.4 1.1 – 0.3 0.9 

45 1.7 0.9 0.6 0.4 0.2 −0.3 −0.6 −0.4 – −0.2 1.3 

60 −1.8 −3.1 −2.9 −3.1 −3.2 −3.3 −3.0 −2.4 – −1.2 1.6 

75 −5.7 −6.5 −6.1 −6.3 −6.3 −5.8 −5.0 −4.2 – −2.1 1.5 

90 −8.6 −9.4 −8.8 −8.9 −8.2 −7.4 −6.4 −5.4 – −3.2 1.1 

NORTH 15 9.4 9.0 8.4 8.2 7.4 7.0 6.1 5.5 – 3.5 0.9 

30 12.9 12.1 11.1 10.5 9.1 8.3 6.5 5.5 – 2.5 0.6 

45 14.3 13.2 11.7 11.0 9.0 7.8 5.6 4.7 – 2.7 1.0 

60 15.1 13.7 11.7 10.7 8.2 7.0 5.5 4.8 – 3.2 1.5 

75 15.9 14.1 11.9 10.7 8.3 7.3 6.0 5.4 – 3.9 2.0 

90 16.4 14.4 12.0 10.8 8.6 7.7 6.6 6.0 – 4.4 2.4 

C. vulgaris SOUTH 15 13.4 12.7 11.9 10.6 9.3 8.1 4.4 – 2.5 – 0.1 

30 15.7 14.3 12.8 10.7 9.1 7.7 4.1 – 2.6 – 0.0 

45 15.7 13.7 12.0 9.8 8.2 6.8 3.6 – 2.3 – 1.6 

60 7.7 5.6 3.9 1.8 0.2 −1.0 −2.6 – −2.2 – 1.8 

75 0.3 −1.8 −3.4 −5.3 −6.7 −6.7 −4.0 – −3.1 – 1.9 

90 −6.5 −8.5 −10.0 −11.5 −10.4 −8.8 −5.0 – −4.3 – 1.8 

EAST 15 12.5 12.1 11.5 10.7 9.8 9.0 5.8 – 3.9 – 0.9 

30 12.0 11.0 10.0 8.4 7.0 5.8 1.8 – 0.7 – 0.6 

45 4.0 3.0 2.4 1.8 1.3 1.1 −0.5 – −0.8 – 0.6 

60 2.2 1.2 0.1 −0.4 −0.6 −1.2 −2.1 – −1.8 – 0.5 

75 0.4 −0.8 −1.5 −2.1 −2.8 −3.0 −3.3 – −2.6 – 0.4 

90 −1.4 −2.7 −3.4 −4.0 −4.7 −4.8 −4.5 – −3.5 – 0.3 

WEST 15 14.2 13.5 12.8 11.7 10.6 9.5 6.1 – 4.0 – 0.7 

30 6.5 5.3 4.1 2.8 2.5 2.0 0.6 – 0.1 – 1.0 

45 2.4 1.5 0.9 0.5 −0.1 −0.1 −1.4 – −0.9 – 1.1 

60 −1.0 −2.1 −2.8 −3.2 −3.7 −3.7 −3.9 – −2.6 – 0.9 

75 −4.6 −6.1 −6.8 −7.0 −7.1 −7.0 −6.2 – −4.3 – 0.5 

90 −7.6 −9.2 −9.8 −10.0 −9.9 −9.6 −7.7 – −5.5 – −0.1 

NORTH 15 10.1 9.8 9.5 9.1 8.6 8.1 6.0 – 4.4 – 1.6 

30 14.2 13.7 13.2 12.3 11.4 10.5 6.5 – 3.7 – 1.0 

45 16.2 15.5 14.7 13.4 12.1 10.8 5.7 – 3.8 – 1.4 

60 17.8 16.8 15.7 13.9 12.2 10.5 5.9 – 4.4 – 1.9 

75 19.0 17.8 16.5 14.4 12.4 10.5 6.5 – 5.2 – 2.5 

90 19.9 18.6 17.1 14.8 12.6 10.7 7.2 – 5.8 – 3.0 
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Table B.3 

Annual energy consumption differences vs WIN-SG, PSES building in Tel-Aviv, Israel. 

Algae type Orientation Window size 

Energy use differences in kWh m 

−2 year −1 according microalgae concentration 

100 85 70 60 50 40 30 25 20 10 0 

C. reinhardtii SOUTH 15 13.1 12.0 10.6 9.9 8.2 7.3 5.9 5.2 – 3.1 1.3 

30 13.9 12.1 10.2 9.4 7.7 6.7 5.4 4.8 – 3.1 1.3 

45 6.3 4.6 2.6 1.8 0.1 −0.8 −1.8 −2.3 – −3.8 −2.8 

60 −3.6 −5.2 −7.1 −7.7 −9.1 −8.9 −8.4 −8.6 – −7.5 −3.6 

75 −11.7 −13.2 −13.8 −13.7 −12.4 −11.2 −10.4 −10.5 – −8.9 −4.3 

90 −18.7 −18.7 −16.8 −16.1 −14.4 −13.0 −12.4 −12.5 – −10.2 −4.8 

EAST 15 12.7 12.0 11.0 10.5 9.2 8.5 7.1 6.4 – 4.1 1.8 

30 8.2 6.9 5.3 4.5 2.8 1.8 0.8 0.6 – −0.6 −0.5 

45 1.2 0.0 0.0 −0.2 −0.9 −1.0 −1.9 −1.9 – −1.9 −0.9 

60 −1.5 −2.4 −2.8 −3.0 −3.4 −3.5 −3.7 −3.8 – −3.2 −1.8 

75 −3.6 −5.0 −5.0 −5.3 −5.6 −5.5 −5.7 −5.3 – −4.2 −2.2 

90 −6.0 −7.4 −7.4 −7.7 −7.7 −7.4 −7.0 −6.7 – −5.3 −2.4 

WEST 15 14.0 13.1 11.8 11.2 9.7 8.9 7.4 6.6 – 4.2 1.7 

30 1.9 1.0 0.6 0.4 0.1 −0.3 −0.7 −1.0 – −1.7 −1.2 

45 −1.5 −2.3 −2.5 −2.8 −3.0 −3.4 −3.8 −3.6 – −3.4 −1.9 

60 −6.0 −7.3 −7.1 −7.3 −7.3 −7.5 −7.2 −6.5 – −5.4 −2.6 

75 −10.0 −10.8 −10.4 −10.6 −10.6 −10.1 −9.3 −8.4 – −6.4 −2.8 

90 −13.0 −13.8 −13.3 −13.3 −12.6 −11.8 −10.8 −9.8 – −7.6 −3.3 

NORTH 15 10.4 10.0 9.4 9.1 8.4 8.0 7.1 6.5 – 4.4 1.9 

30 13.0 12.2 11.2 10.7 9.3 8.4 6.6 5.7 – 2.7 0.8 

45 13.9 12.8 11.3 10.5 8.5 7.4 5.2 4.3 – 2.3 0.6 

60 14.2 12.7 10.7 9.7 7.3 6.0 4.5 3.8 – 2.3 0.5 

75 14.3 12.5 10.3 9.1 6.7 5.7 4.4 3.8 – 2.3 0.4 

90 14.2 12.2 9.8 8.6 6.4 5.5 4.4 3.8 – 2.2 0.2 

C. vulgaris SOUTH 15 15.0 14.3 13.5 12.2 11.0 9.8 6.0 – 4.2 – 1.7 

30 17.4 16.0 14.5 12.4 10.8 9.4 5.8 – 4.3 – 1.7 

45 10.8 8.8 7.1 4.9 3.3 1.9 −1.3 – −2.6 – −3.3 

60 1.1 −1.0 −2.7 −4.8 −6.4 −7.6 −9.2 – −8.8 – −4.8 

75 −7.3 −9.3 −10.9 −12.8 −14.2 −14.2 −11.5 – −10.6 – −5.7 

90 −14.7 −16.7 −18.2 −19.7 −18.6 −17.1 −13.2 – −12.6 – −6.4 

EAST 15 14.0 13.5 13.0 12.1 11.3 10.4 7.3 – 5.3 – 2.4 

30 10.7 9.8 8.8 7.2 5.8 4.5 0.5 – −0.6 – −0.6 

45 2.2 1.1 0.5 0.0 −0.6 −0.8 −2.4 – −2.7 – −1.3 

60 −0.3 −1.3 −2.4 −2.8 −3.1 −3.7 −4.5 – −4.3 – −2.0 

75 −2.5 −3.7 −4.5 −5.1 −5.8 −6.0 −6.2 – −5.6 – −2.5 

90 −4.9 −6.2 −7.0 −7.5 −8.2 −8.3 −8.0 – −7.0 – −3.2 

WEST 15 15.8 15.1 14.4 13.3 12.2 11.1 7.7 – 5.6 – 2.3 

30 4.5 3.3 2.0 0.8 0.4 −0.1 −1.5 – −2.0 – −1.1 

45 −0.8 −1.7 −2.3 −2.7 −3.3 −3.3 −4.6 – −4.1 – −2.1 

60 −5.2 −6.3 −7.0 −7.3 −7.9 −7.9 −8.1 – −6.7 – −3.3 

75 −8.8 −10.4 −11.0 −11.3 −11.4 −11.3 −10.4 – −8.6 – −3.8 

90 −12.1 −13.6 −14.2 −14.4 −14.4 −14.1 −12.1 – −9.9 – −4.5 

NORTH 15 11.1 10.8 10.5 10.1 9.6 9.1 7.0 – 5.4 – 2.6 

30 14.4 13.9 13.3 12.4 11.5 10.6 6.6 – 3.9 – 1.2 

45 15.8 15.1 14.3 13.0 11.7 10.4 5.3 – 3.4 – 1.0 

60 16.8 15.8 14.7 12.9 11.2 9.5 4.9 – 3.4 – 0.9 

75 17.4 16.2 14.9 12.8 10.8 8.9 4.9 – 3.6 – 0.9 

90 17.7 16.4 14.9 12.6 10.4 8.5 5.0 – 3.6 – 0.8 

R
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