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Abstract

:

Glazing is considered as a preferred solution for the buildability, aesthetic, and comfort of commercial buildings since glass cover can protect occupants from external environmental conditions, ensure the light transmission, and provide view and ventilation. At the same time, in the context of climate change and global warming, the use of renewable solar energy, such as solar and wind power, are encouraged to be utilized. Specifically, solar energy has become a renewable energy source that is clean and endless, at reasonable cost, to contribute to energy security as well as ensure sustainable development. Therefore, the study proposes a method for supporting the decision making in installing solar panels on vertical glazing façades of the building in the worst case that the remaining radiant energy from the sun was only transferred to the inside of the building. The Life Cycle Assessment and the Life Cycle Costing methodologies are applied to consider both environmental and economic aspects. The proposed method can (1) minimize the project cost (including initial investment cost and operation cost) during the building lifetime; (2) analyze the optimal budget to minimize the total life-cycle cost of the building over its lifespan and maximize the renewable energy generated from the sunlight entering buildings in different directions. The results show that with different initial investments, the investor will have a corresponding solution for choosing an optimal installation ratio for each type of glass combined with the installation ratio of solar panels on the façades to reach the optimal energy efficiency as well as environmental performance. This study is beneficial for investors in selecting energy-saving solutions in office buildings in the beginning phase of the project life cycle.
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1. Introduction


In recent years, climate change has become a global concern. Global climate change has become more and more severe with the noticeable phenomena of global warming, ice melting, sea rising, unusual phenomena, such as floods, tsunamis, earthquakes, droughts, and prolonged cold spells. Those issues lead to a lack of food and a series of epidemics on humans, cattle, and poultry. One of the most important causes of this phenomenon is that people are using more and more energy derived from fossil raw materials (coal, oil, and gas), which leads to greenhouse gas emissions effects on the environment and an increase in the temperature of the Earth.



Energy consumption during economic development is necessary because most production processes must use energy. Therefore, the establishment of energy policies is an important issue affecting each country’s economy [1]. Currently, countries around the world have been paying attention to a combination of energy efficiency solutions and the use of renewable energy, thereby mitigating environmental impacts.



In particular, energy saving in commercial buildings is an issue that receives more interest from many nations because they often consume a considerable amount of energy [2]. For example, the green roofs solution was presented by Scharf and Kraus (2019) to trade off urban heat and the building designs solution in an urban microclimate context [3]. According to Mateus [4], buildings account for a significant share of global energy consumption with an average of 30% and one-third of     CO  2    emissions. Therefore, governments in many countries tend to encourage the use of renewable energy in the building energy system. In particular, solar is one of the most abundant and clean sources of renewable energy on Earth [5] with a reasonable cost of installing solar energy technology in buildings.



Although various studies were carried out to prove the energy efficiency of using solar cells on glazing surfaces in a building, there have been no studies on the analysis of economic efficiency and environmental benefits of this solution during a PV cell lifetime. Therefore, this study presented a decision support framework to optimize the ratio of solar panels on building façades for each type of glass with the aid of the life cycle assessment and life cycle costing (LCC) methods. A genetic algorithm (GA) was used as an optimization engine in this framework. A case study of a building in Danang city, Vietnam, was used to assess the effectiveness of the proposed framework. Particularly, the optimal ratio of solar panels was determined by the two following objectives.



(1) Minimizing the project cost (including initial investment cost and operation cost) during the building’s lifetime in the case of installing solar panels on building façades.



(2) Analyzing the optimal budget to minimize the total life-cycle cost of the building over its lifespan and maximize the renewable energy generated from the sunlight entering the building from different directions. Some uncertainties, such as the life of the building, electricity price, residual value, or disposal cost at the end of the project, are taken into consideration in a sensitivity analysis.



A developed decision support framework in this study contributes to the body of knowledge in three aspects. Firstly, energy efficiency in buildings was improved by installing solar panels on the building facades. Secondly, economic efficiency of buildings was evaluated holistically regarding building life cycle costs that include revenue of renewable energy and revenue of selling certified emission reductions. Thirdly, economic conditions of the energy unit price and the residual value of solar cells at the end of the project life cycle were also considered in this study. The findings of this study provide the stakeholders such as investors and designers with the knowledge and useful tools to achieve the highest energy efficiency in buildings with the constraint of budget.




2. Literature Review


According to Wang et al. [6], commercial buildings consume up to 30% of the world’s energy. For example, commercial buildings in the United States consumed about 18% of the nation’s main energy source in 2017 [7]. The figure is predicted to reach to 2.23 EJ by 2050. Lu et al. [8] showed that commercial buildings consume a greater amount of energy demand for cooling, heating, and lighting than residential areas. Therefore, various studies aim to improve the energy efficiency of buildings, most of which focused on the selection of the building’s cover layers to minimize energy consumption in buildings. Table 1 below illustrates a few studies related to the design of building covers to use energy efficiently.



Reducing the use of conventional energy produced from fossil fuels is imperative globally because of its adverse impact on the environmental and global climate. Renewable energy sources such as solar and wind power, are potential solutions. Currently, due to the development of science and technology, renewable energy sources have been increasingly concerned and accepted by society. Renewable energy sources have proven the ability to meet clean energy for the energy needs of many countries around the world [19]. Besides, sun is one of the most abundant sources of renewable energy on Earth. According to Zhou et al. [20], solar energy impacts on the Earth’s surface at a rate of 120 petawatts, which means the amount of energy received from the sun in just one day can serve the world’s energy demand for more than 20 years. Therefore, solar energy has become a source of energy which is clean and endless, with reasonable cost, to contribute to energy security as well as ensure the sustainable development of nations [21].



The envelope of a building can be shifted from an energy consumption system to an energy producer, and this is considered a design solution for active building envelope systems. Relevant studies and reviews on photovoltaics (solar façades) [22,23,24] are various. In order to install a standard double/single façade with integrated solar energy, the PV cell is set as the priority selection. A PV cell with a transparent or semi-transparent module can retain the transparency and light transmission of the glass cover. A number of researchers have tried to combine PV modules, shading devices, and glazing façades to provide a flexible daylight operation. According to Luo et al. [25], a review on active building envelope systems using PV cells on building surfaces was presented in Table 2, as follows.



Life cycle assessment (LCA) is a system-oriented tool to control and monitor all project phases and processes over the project life cycle. The process-based LCA method (P-LCA) [42], EIO-LCA method [43], and hybrid LCA methods [44] are three common methods to environmental assess the impacts of projects. The P-LCA is commonly applied according to guidelines and principles proposed by the International Standards Organization (ISO) while the EIO-LCA is a top-down approach. Both of them have limitations [44]. Therefore, the hybrid LCA approach that integrates the P-LCA and EIO-LCA is promising to eliminate their limitations.



In this study, the hybrid LCA approach was proposed to assess the environmental impacts of projects over their holistic life cycle. The LCC of buildings is considered and evaluated by building owners or investors along with design and construction costs during making an investment decision. Pombo et al. [45] proposed the multi-criteria methodology in which the net present value (NPV) of the LCC and environmental impact (LCA) was considered to optimize the retrofitting strategies for buildings. In Wang et al. [46], maximizing energy saving, minimizing LCC, and minimizing the payback period were performed by a multi-objective optimization model. Antipova et al. [47] optimized total costs and environmental impact for retrofitting buildings based on systematic tools.



Although various studies were carried out to prove the energy efficiency of using solar cells on glazing surfaces in a building, a holistic framework for the analysis of economic efficiency and environmental impact during a PV cell’s lifetime is needed. Therefore, this study proposes the LCC method to calculate the installation area of solar cells on vertical façades of the building to reduce energy demand for building operation in the consideration of different situations and changing conditions.




3. Model Framework


The proposed decision support framework for energy improvement consists of three phases, as shown in Figure 1. The first phase estimates the building’s energy consumption using an energy simulation program. Phase 2 is to develop an optimization method that aims to select the ratio of solar cells installed on different vertical sides of the building, in order to minimize the total energy used in the building and maximize the economic benefits for the investor. Finally, the results are obtained, and a sensitivity analysis is conducted in the third phase.



In order to prove the efficiency of the model proposed in Figure 1, the authors applied a case study of an office building for the analysis.



3.1. Energy Analysis


Energy analysis is essential to estimate the baseline energy consumption for existing buildings in the operation stage. The reliable estimation of energy is critical for a decision support system to prioritize energy-saving solutions toward sustainable construction.



According to Zhang [48], a solar panel, which was installed on the vertical glazing façades of buildings, not only generates a considerable amount of renewable energy but also reduces unexpected solar heat gain in buildings. Therefore, the net annual actual energy consumption in buildings at the year t (Eat) was determined based on the annual building energy consumption at the year t (Et) without the installation of the PV system and the energy demand reduction in buildings by reducing the heat transfer due to the PV system. According to some research [49,50], the amount of renewable energy production produced by the PV system (Esi,t) accounted for 15–18% of the radiant energy from the sun. The remaining radiant energy from the sun transferred to both the inside and outside of the PV system.



In this study, a worse case was considered in which the remaining radiant energy from the sun was only transferred to the inside of the building. Consequently, the net annual actual energy consumption in buildings was determined by the difference between the annual energy consumption (Ei) and renewable energy (Esi,t) as shown in Equation (1).


Eai,t = Ei,t − Esi,t



(1)






  E  s  i , t   =   ∑   j = 1  4  ( S  p  i , j   × K  s j  ) ×  K t   



(2)








	
Ei,t: The amount of annual energy consumption in the building in the year t for glass type i (kWh/year)



	
Esi,t: The renewable electricity generated by solar cells in the year t for glass type i (kWh/year)



	
Eai,t: The actual energy consumption in the building in the year t for glass type i after installing solar panels (kWh/year)



	
Spi,j: Area of solar cells of glass type i on each side j with j = 1 (east), j = 2 (west), j = 3 (south), j = 4 (north) (   m 2   )



	
Ksj: Solar energy coefficient for 1 m2 of surface in direction j per year, with j = 1 (east), j = 2 (west), j = 3 (south), j = 4 (north) (kWh/   m 2   .year)



	
Kt: Solar cell performance coefficient in year t.









3.2. Economic Analysis


In terms of the economic aspect of energy-saving solutions, all the costs related to constructing, operating, and maintaining a construction project need to consider during a project life cycle. Based on previous LCC assessment (LCCA) studies, construction costs are mainly initial construction costs, maintenance costs, special repair costs, operating costs, replacement costs, cleaning costs, energy costs, renovation costs, and handling costs [38,51].



For the purpose of this study, the following cost factors are selected for the project life cycle costing (LCC), as below:



Initial investment cost (IC): including the cost of installing glass and solar cells.



Annual operating cost (OC): Power consumption (EC), panel maintenance cost (MC). However, during operation, revenue from renewable energy (RRE) and the sale of CERs (Certified Emission Reductions) must be included.



The residual value or disposal cost of solar cells at the end of the project’s life cycle (Si) are considered.



In addition, in order to assess economic efficiency, it is necessary to consider Net Present Value (NPV) to build up the cumulative cash flow or, in other words, the life of the building. Depending on the type of building, the building lifespan ranges from 25 to 50 years [38]. However, the lifespan of a solar panel on average ranges from 25 to 30 years [52,53]. Therefore, in this study, it is assumed that the lifetime of the building is 30 years. The following formula is below:


  L C  C  i , n   = I  C i  +   ∑   t = 1  n    O  C  i , t        (  1 + r  )   t    −    S i       (  1 + r  )   n     



(3)




where




	
  I  C i  :   Initial investment of each type of glass i (including installation cost of glass and solar cells);



	
  O  C  i , t   :   Annual operating cost each year, including annual electricity costs (after deducting profits from renewable electricity and selling CERs), and maintenance costs;



	
  t :   Calculation period (year);



	
  r :   The discount rate (r = 10%);



	
Si: Residual value or disposal cost of solar cells at the end of the project’s life cycle (USD);



	
n: the calculation period of buildings.








3.2.1. Initial Investment Costs (ICi)


The initial investment cost (IC) includes the cost of installing glass and solar cells and is calculated according to the following formula:


  I  C i  = F g × C  g i  +   ∑   j = 1  4   (   x  i , j   × F  g j  × C p  )   



(4)




where




	
Fg: The installation area of glass (   m 2   );



	
Fgj: The area of glass on the side j of the building, where j = 1 is the east, j = 2 is the west, j = 3 is the south, j = 4 is the north (   m 2   );



	
Cgi: Unit price of glass i (USD/   m 2   ); Cp: Unit price of installing solar panels (USD/   m 2   );



	
xi,j: Percentage of solar panels on the type of glass i and on the side j (%)









3.2.2. Annual Operating Costs (OCi,t)


The operating cost is calculated according to the following formula:


  O  C  i , t   = E  C  i , t   + M  C  i , t   − R R  E  i , t   −  C  C E R  s  i , t      



(5)







	
Annual electricity costs in a building (ECi)






The annual cost of electricity for energy consumption in the building is calculated based on the total amount of electricity used and the electricity price. The use of solar panels has reduced the amount of electricity consumed significantly during the operation of buildings (Eue). According to research by Jordan et al. [54], the efficiency of solar cells will decrease by 0.5%/year. Therefore, electricity costs are calculated by the following formula:


  E  C  i , t   = E  a  i , t   × C e =  E  i , t   = E  s  i , t   × C e  



(6)






  E  s  i , t   = (   ∑   j = 1  4   (   x  i , j   × F  g j  × K  s j   )  ) ×  K t   



(7)




where




	
Ksj: Solar energy on 1 m2 of surface area j (1    m 2   ) per year, with j = 1 (east), j = 2 (west), j = 3 (south), j = 4 (north) (kWh/   m 2   .year);



	
Kt: Solar cell performance coefficient in year t;



	
Ce: Electricity price (USD/kWh).













	b.

	
Maintenance costs of solar panels (MCi,t)









The solar panel system requires minimal maintenance throughout the year, which mainly comes from the annual inspection and cleaning to keep the system operating at peak performance. It is assumed that the system of solar panels will be maintained twice per year. Therefore, the total maintenance costs of solar panels throughout the project life cycle is determined as follows:


  M  C  i , t   = 2 ×  C  MCi   ×   ∑   j = 1  4   (   x  i , j   × F  g j   )   



(8)








	
   C  MCi   :   Unit price of inspecting and cleaning solar panels (USD/   m 2   )













	c.

	
Revenue of renewable energy (RREi,t)









Due to the solar cell system, the sunlight will be absorbed by photovoltaic cells as it enters the building and is converted directly to electricity. This can save the operating cost for the building due to the reduction in electricity usage equivalent to the amount of energy absorbed by solar cells. Therefore, it can be seen as a source of revenue by using renewable energy from solar batteries, and can be calculated as follows:


  R R  E  i , t   =   ∑   j = 1  4   (   x  i , j   × F  g j  × K  s j   )  ×  K t  × C e  



(9)








	
Ce: Electricity price (USD/kWh)













	d.

	
Revenue by selling CERs (certificate of greenhouse gas emissions reduction)









CERs (Certified Emission Reductions) is a certificate issued by the Clean Development Mechanism (CDM) organization for a CDM project and 1 CER unit identified by one ton of carbon dioxide emissions. In this study, the amount of carbon dioxide emissions reduction is calculated based on the renewable electricity generated from the solar panels system on building surfaces. In order to identify the profits from the sale of CERs certificates throughout the project life cycle, the formula is presented below:


   C  C E R  s  i , t     = [   ∑   j = 1  4   (   x  i , j   × F  g j  × K  s j   )  ] ×  K t  × K e ×  C  C E R s    



(10)








	
CCERs: Price per ton     CO  2    (USD/t     CO  2   )



	
Ke: CO2 emission factor (converting kWh electricity to     CO  2    emission) (according to Vietnam’s Ministry of Natural Resources and Environment [55]: Ke = 0.6612 kg     CO  2   /kWh).









3.2.3. The Residual Value of Solar Cells at the End of the Project Life Cycle (Si)


Over the years, the renewable energy industry has developed rapidly, and solar energy has emerged as the first choice of renewable technology with many advantages and opportunities. However, one problem needs to be considered how to solve waste solar panels after their life expectancy. Currently, there are two methods of disposing of old solar panels, including landfilling and recycling to reuse part of the solar cells. Regarding the landfill method, it can have negative impacts on the living environment; for instance, toxic substances from solar panels will penetrate the soil and groundwater, causing environmental pollution [56]. In addition, costs for landfilling waste solar panels are required at the end of the project life cycle [57].



The recycling method of solar panels will be economically impactful, because some components of solar cells can be recycled to provide secondary raw materials for the production of energy cell systems [58]. Therefore, this method has been receiving more attention by research scientists. Previous studies have proved that the proportion of recycled components in solar panels depends on the type of material; details are shown in Table 3 that were adapted from [59].



Table 3 revealed that although the percentage of recycled components may be different, the recycling of solar panels will bring a significant revenue source in the future [60]. Therefore, at the end of a solar panel’s lifetime, a part of the initial investment cost can be recovered due to solar panel recycling. The residual value or disposal cost of solar cells is calculated as follows:


   S i  = K r ×     ∑   j = 1  4  (  x  i , j   ×  F  g , j   ×  C  P s   )  



(11)




where Kr is the value of recovery or cost of destroying solar cells at the end of the project life cycle. It is a percentage value of the initial investment cost of PV systems.





3.3. Building a Decision Support Framework for the Installation Area of Solar Cells on Building Façades


Figure 2 presents an optimization model for the installation area of solar cells on building façades. A set of X = [xi,j] includes decisive variables to choose the energy-saving strategy of solar cells in the building to maximize economic and environmental benefits for the owner. Therefore, the model must meet two main requirements: (1) the total cost (LCC) of a building, including the total initial investment and operating costs should be lowest for the building lifetime; (2) the amount of renewable energy (solar energy—Es) generated during the building lifespan is the largest.



However, in order to meet these requirements, it is necessary to resolve two issues: (1) the owner will have a limited budget to invest initially in energy-saving solutions because, according to Arditi [61] and Salem [62], most of the decisions made during a project lifecycle are usually based on initial investment cost instead of project life cycle cost (LCC). Therefore, the initial investment cost for each alternative should be smaller than the planned budget; (2) the ratio of installed solar cells also needs to ensure the ability to transmit light in the building.



The optimization model considers the installation ratio of solar panels on different façades in a commercial building. The input module of the model will be the parameters related to the building (number of floors, floor area), climatic conditions, features of the cover glass, and a set of unit prices such as unit price of glass, unit price of solar panels, and electricity price, as well as the selling price of CERs.



The model must solve the following target functions:



Project life cycle cost is lowest:


  M i n   L C  C  i , n   = I  C i  +   ∑   t = 1  n    O  C  i , t        (  1 + r  )   t    −    S i       (  1 + r  )   n     



(12)







Renewable energy is the most every year: Maximining the generated renewable energy in the lifetime of PV systems


  M a x   E  s  i , n   =   ∑   t = 0  n    ∑   j = 1  4   (   x  i , j   × F  g j  × K  s j   )  ×  K t   



(13)







General objective function:


  M a x    f  i , t   =   E  s  i , t     L C  C  i , t      



(14)







Constraints:


  L o b   ≤  x  i , j   ≤ U b  



(15)






  I  C i  = F g × C  g i  +   ∑   j = 1  4  (  x  i , j   × F  g j  × C p ) < L i B g  



(16)




where xi,j is percentage of solar cells installed on the the face j of glass i (%); this is the critical variable of the optimization problem; n is the calculation period of buildings.



LiBg is the limited budget (USD); Lob is the lower bound (%); and Ub is the upper bound (%).



In order to find an optimal investment decision to minimize the project cost, a support model is conducted with various constraints on the initial investment budget. In this study, the team used a Genetic algorithm (GA) which is an add-on in excel to perform the optimization for the model. After inputting all input data, the optimization module will build a model that satisfies two goals: (1) maximizing the amount of solar energy generated in the calculation period of a building which is a single value, as well as (2) minimizing the project life cycle costing. The stop condition is based on the stop condition of the GA algorithm based on the maximum number of loops 1000 times installed in the algorithm. The output of the optimization model are the percentages of solar cells on the façades of commercial buildings for each different type of glass. In addition, the result aims to find the optimal budget for investment to bring the highest economic benefits in using renewable energy and ensure the sustainability of the building as well.





4. Case Study


4.1. Model Setting


Energy consumption analysis was performed in a simulation model of an actual building located in Danang city, Vietnam. Figure 3 presents a 3D building model in Revit that is a 30-storey building (the 1st floor is 4.00 m in height, the other floors are 3.6 m height). The first floor is designed to be built with bricks and stone tiles. The building size is 20 m × 30 m and the building orientation is east–west. The space inside the building is completely empty to serve as offices for the business Figure 4 presents a model of building energy simulation. The weather condition of the building is shown in Table 4.




4.2. Data Description for the Case Study


4.2.1. Simulation of Energy Consumption in the Building Used for Each Type of Cover Glass Case (Ei,t)


In this study, three common types of glasses on the market are selected, with the main functions of light-transmission, heat-insulation, and force-resistance ability. Table 5 shows the main specifications of the three types of glass. Due to the simulation, the building established by the energy simulation software of Energyplus works on Autocad Revit and Green Building Studio platforms. Specifically, the function of energy analysis was run with three types of glass cover: Tempered glass, Solar control Green, and Low-E during a year. Figure 5 show that for each type of glass, the total energy used in the building is different, hence the selection of glazing type greatly affects the energy consumption in the building.




4.2.2. Determine the Average Solar Energy Generated on 1    m 2    of Solar Cells (Ksj)


The average solar power generated on 1    m 2    of solar cells depends greatly on the geographical location where the building is located. In this study, this data was analyzed by the energy simulation software of Polytechnic Solar Investment and Development Joint Stock Company [63]. The result is shown in Figure 6.





4.3. Research Results


After collecting data on relevant information and costs for case studies, the model was carried out with a budget of 600,000 USD to 1,3000,000 USD and a project duration of up to 30 years (corresponding to the life of a solar panel [52,53]). Besides, according to previous studies [64], and in order to ensure the light transmission of the building, the authors propose the lower and upper bounds of the solar cell ratio on the façades as follows: Lob = 0% and Ub = 80%.



In addition, due to the development of the solar energy industry, the disposal of solar cells with the recycling method will be potential in the future. Therefore, it is assumed that at the end of the project life cycle, the investor can receive a liquidation value for solar cells to recover part of the investment cost. As shown in Table 3, the average percentage of recyclables from solar cell systems is 69%, depending on types of materials. Therefore, in this study, it is assumed that the remaining value of the solar cell system at the end of the project life cycle is Kr = 20% of the initial investment cost. In addition, some costs mentioned in economic analysis (Section 3.2) are shown in Table 6. For each situation, the optimal installation area of solar cells on vertical sides of the building is proposed to minimize the cost of the entire project life cycle. Results are shown in Table 7 and Figure 7.



In Figure 7, the results show the ratio of renewable solar energy to the project life cycle cost during the project lifespan.



To sum up, the project life cycle costing has a significant change depending on the type of glass and the installation area of solar panels on glazing façades. Specifically, if the initial investment is less than 1,000,000 USD, the application of solar batteries attached to tempered glass (normal glass) will bring benefits for both objectives of maximizing renewable energy generated and minimizing cost over the life of the project.



For example, with LB = 800,000 USD at t = 30 years, fA = 2.37 (ESA = 15,708,000 kWh and LCCA = 6,065,643 USD), fB = 2.027 (ESB = 13,000,000 kWh and LCCB = 6,410,394 USD), also with fSC = 0.69 (ESC = 6,267,000 kWh and LCCC = 9,039,840 USD). This shows that, with the same initial investment cost, Low E glass (type C) produces the lowest generated energy and the largest life-cycle cost. For ordinary glass (type A), not only is the life cycle cost 1.03 times lower than Tempered glass (type B) but the renewable energy generated annually is also 1.2 times higher than Tempered glass (type B). Therefore, in the consideration of economic and environmental benefits, the authors realized that with the cost of LB = 800,000 USD, the use of ordinary glass (type A) with the calculated percentage of solar panels will bring more efficiency



In contrast, if the total investment is >1,000,000 USD, although the combination between PV cells and Solar control glass will obtain less renewable energy compared to Tempered glass, for optimizing two targeted objectives as mentioned above, this solution is much more effective than the other types of glass.



For example, with LB = 1,200,000 USD at t = 30 years, fA = 5.94 (ESA = 21,861,000 kWh and LCCA = 3,674,478 USD), fB = 6.74 (ESB = 20,076,000 kWh and LCCB = 2,974,520 USD), also with fC = 3.28 (ESC = 15,159,000 kWh and LCCC = 4,613,660 USD). This shows that, with the same initial investment cost, Low E glass (type C) also produces the lowest generated energy and the largest life cycle cost. As for ordinary glass (type A), although renewable energy generated annually is 1.08 times higher than tempered glass (type B), the life cycle cost is 1.23 times higher than tempered glass (type B). Therefore, in the consideration of economic and environmental benefits, the authors realized that with the cost of LB = 1,200,000 USD, the use of tempered glass (type B) with the calculated percentage of solar panels is more effective.



Regarding Low-E glass, the combination with solar panels will not be effective compared to other types of glass.




4.4. Sensitivity Analysis


The main objectives of the proposed model are to maximize renewable energy (solar energy) and assess the life cycle cost of the project with the constraint of the initial investment. However, changes in market conditions such as government policies on electricity prices, CERs purchase prices, or the cost of recycling or disposal of solar batteries at the end of the project’s life cycle will have an effect on the optimal problem. Therefore, the sensitivity analysis of these external changes will provide valuable information to make better decisions in the context of constantly changing policies.



In recent years, the electricity industry in Vietnam has changed significantly with the increasing trend of attracting more investors into the electricity market to meet the requirements of energy security. Due to this, it is assumed that if the electricity price increases from 0% to 20% compared to the initial price; hence, the results would change. In addition, during the LCC analysis, the residual value of the solar cell system at the end of the project life cycle was calculated at 20% of the initial investment cost. This is also an uncertain factor, so in order to consider the influence of this factor on the results, the value of the PV system in the end its lifetime will be changed from −20% (the investor must spend more cost to destroy) to +20% (the investor receives part of the cost) compared to the initial investment cost. The results of the sensitivity analysis with the fluctuation of electricity price (0% to 20%) and the value of the PV system in the end its lifetime (−20% to +20%) are shown in Figure 8.



A sensitivity analysis shows that, although the cost of electricity varies from 0% to 20% and the recovery value ranges from −20% to +20%, the conclusion is still unchanged from the original study. This shows that the increase in electricity prices does not affect the decision to choose the type of glass as well as the solar cell area installed on building façades in order to maximize the amount of solar energy generated and minimizing the project life cycle cost.





5. Conclusions


For energy-saving solutions in buildings, the following issues must be solved: (1) the amount of investment needed to optimize the building’s façade, (2) the analysis of economic benefits to reduce LCC over the life of the project, and (3) the energy analysis to maximize the renewable energy generated. This paper analyzes the influence of the characteristics of cover glass and the application of solar batteries to achieve the goal of generating the highest amount of solar power and lowest project cost with the constraint of the initial budget.



The results have proven that with different initial investments, the investor can have a variety of options for choosing the types of glass combined with the solar panels used for the façades of the building. According to the study, if the investment cost is less than 1,000,000 USD, the investor should use solar cells combined with tempered glass, while if the investment is over 1,000,000 USD, the combination of solar cells with Solar control Green glass will bring greater benefits for both economic and environmental aspects. In addition, the study also proved that the common glass (Low-E), if combined with solar panels, it is not as effective as other types of glass.



Additionally, the study also developed a decision-making model that supports users in selecting the optimal design option in the constraint of budget. For instance, for each type of cover glass, there will be corresponding installation rates of solar cells on each direction of the building façades to meet the initial investment requirements. Based on that, decision-makers will establish a design and purchasing plan for combining the type of glass and solar cells selected in order to not exceed the planned budget. The validated instance is conducted at the building located in Danang city, Vietnam. Through the proposed approach, essential material cost is offered.



As a novelty of this study, building energy efficiency was enhanced by installing solar panels on the building facades. Economic efficiency of buildings was evaluated holistically using the life cycle costs method. In addition, economic conditions of the energy unit price and the residual value of solar cells at the end of the project life cycle were also considered in this study. The findings of this study help investors and designers to achieve the highest energy efficiency in buildings with the constraint of budget.



As a limitation, uncertainty of building parameters such as material characteristics was not considered in this study. The study did not consider the sense of light that might impact energy consumption and the work productivity of staff in the building, as well as lack of the consideration on the symmetrical aesthetics of a building. The impact of the surrounding buildings might create a shadow on the façades causing solar cell performance decrease, which did not take into consideration in the study. In addition, in calculating the residual value of solar batteries Si, the authors did not consider the costs of generating CO2 during their dismantlement and reconstruction. This study is only used in one specific case, future studies can expand this model by many different types of buildings with different budget limits. Therefore, it is necessary to consider additional issues to address the limitations of this study in future works.
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Figure 1. Overall flowchart of the study. 
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Figure 2. Decision-making support optimization model. 
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Figure 3. Building and simulation model. 
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Figure 4. A Simulation model of building energy. 
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Figure 5. Total energy used in the simulation building in 1 year application (Ei). 
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Figure 6. Average annual solar energy generated per square meter of solar cells. 
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Figure 7. The ratio of renewable energy and life cycle cost with t = 30 years. 
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Figure 8. fi,n with t = 30 years in the most disadvantaged situation (electricity price increasing by +20% and residual value by −20%). 
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Table 1. Review of relevant researches about building cover design.
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	Design Approach
	Authors
	Features and Performance of the Method





	Smart windows
	Kaitlin Allen [9]
	Thermostropic windows utilize the window temperature to change the transmission and reflection of sunlight and visible light, which can reduce the increase of solar heat and then lessen the cooling load in case of outside conditions exceeding user necessity.



	Smart windows
	Sheng Cao [10]
	It is about the integration of electrochromic smart windows with energy storage, which is capable of independent control of visible light and near-infrared (NIR, solar heat) transmittance with high internal charge storage.



	Solar shading technologies
	Jie Xiong [11], Cristina Carletti [12], Line Karlsen [13]
	A personalized shading control framework was proposed to maximize occupant satisfaction while minimizing lighting energy consumption per day in offices with automated shading systems.



	Double layers wallboard
	Na Zhu [14], Valeria De Matteis [15]
	In order to build indoor thermal comfort in different seasons, double layers shape-stabilized phase change material wallboard was suggested.



	Window design
	M. Thalfeldt [16]
	It was discovered that window size and type have a significant effect on heating load more than the cooling load.



	Solar control films
	E. Moretti [17]
	Based on the experimental results, an unsteady state model of the building was implemented using EnergyPlus software in order to evaluate the impact of solar control films on yearly energy demand. Thanks to the application of the solar control film systems, the cooling energy demand decreasing was significant (about 29%); nevertheless, an increasing of the heating energy demand (about 15%) was observed, due to the reduction in heat gain from windows.



	Window to wall ratio
	C. Marino [18]
	The analysis was performed using the Energy Plus simulation code and an office building, structured and configured to represent a typical reference case. The results show that the optimal value of WWR (WWRopt) is slightly affected by the climatic conditions and the insulation features of the envelope also seem to adversely affect this parameter.



	Green roofs
	Scharf and Kraus (2019) [3]
	A method of green performance assessment system (GREENPASS®) was used to compared and optimize the design solution by evaluating urban heat and the quality of various designs in urban microclimate context.
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Table 2. Previous studies related to solar panels.
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	First Author and Reference
	Energy Resources and Typology
	Research Methods
	Functions, Performance and Limitations





	Maneewan [26,27]
	Solar thermal energy, roof
	Testing and commercial simulation software
	Energy is generated by using thermoelectricity on the roof.



	Liu [28,29,30]

Luo [31,32,33]
	Solar, dim wall
	Experiments and numerical simulations
	PV cells are installed to produce electrical energy for TE modules. About 70% of the daily increase in the heat was reduced compared to traditional walls, and an energy savings rate of 172% was achieved in Shanghai’s climate conditions.



	Xu [34,35] Harren-Lewis [36]
	Solar, glass front
	Experiments and numerical simulations
	The overall system can provide 35–45 W of energy-efficient to regulate the room temperature. The overall efficiency is 5% and 13% in cooling mode and heating, respectively.



	Wang [37]
	Solar, glass front
	Testing and commercial simulation software
	PV cells are semi-transparent. Energy saving potential of the optimized PV glazing was 25.3% and 10.7% respectively in comparison with transparent glass windows and Low-E glass windows.



	Kang [38], Kim [39]
	Solar, glass front
	Testing and commercial simulation software
	PV cells are attached to the blinds. Ventilation can reduce the PV cell temperature by 20 °C and achieve better efficiency at 11.7%. Electricity production and energy saving in laboratories are approximately 32% higher and 35% less than reference rooms, respectively.



	Luo [40,41]
	Solar, glass front
	Testing and commercial simulation software
	PV cells are used as blinds in the glazing façades. The energy-saving (in the summer) can be achieved at 12.16% and 25.57% compared to traditional glass surfaces with and without shading blinds, respectively.










[image: Table] 





Table 3. The study of the proportion of recycled solar materials [59].
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	Material
	Recovery Yields %
	Material
	Recovery Yields %
	Material
	Recovery Yields %





	Ag
	95%
	Zn
	27%
	Glass
	95%



	Al
	99.7%
	Pb
	96%
	Fe
	90%



	Cu
	100%
	Mg
	33%
	Cr
	20%



	Ni
	41%
	Si
	99.9%
	Mn
	37%



	Ti
	52%
	Se
	89%
	Cd
	95%



	Sn
	32%
	Ga
	90%
	In
	90%



	Mo
	18%
	Te
	95%
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Table 4. Geographic and climatic data at the building location.






Table 4. Geographic and climatic data at the building location.





	Parmenter
	Value





	Altitude above sea level (m)
	5 m



	Latitude (°)
	16.05° N



	Longitude (°)
	108.2° E



	Yearly average temperature (°C)
	25.8 °C



	The average number of sunny hours in a year
	2182 (h)
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Table 5. Main specifications of the three types of glasses.
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	Type of Glass
	Thickness

(mm)
	Light Transmission Coefficient (%)
	Heat Transfer Coefficient
	The Coefficient of Solar Heat Absorption
	Shading Coefficient





	Tempered glass (A)
	8
	88%
	5.7 W/   m 2   ·K
	0.82
	0.94



	Solar control Green (B)
	8
	51%
	3.9 W/   m 2   ·K
	0.49
	0.56



	Low-E (C)
	8
	32%
	1.4 W/   m 2   ·K
	0.27
	0.31
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Table 6. Costs in economic analysis.
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	Parameters
	Symbol
	Values





	Unit cost for installing tempered glass (USD/   m 2   )
	A
	12



	Unit cost for installing Solar control Green glass (USD/   m 2   )
	B
	26



	Unit cost for installing Low-E glass (USD/   m 2   )
	C
	53



	Unit cost for installing solar panel (USD/   m 2   )
	Cp
	150



	Cleaning and maintenance costs of solar panels (USD/   m 2   )
	CMCi
	0.5



	Electricity price (USD/Kwh)
	Ce
	0.082



	Price for selling CERs (USD/T      CO   2   ) (According to a recent study [64], it is analyzed to select an average cost at 50 USD/T     CO  2    during the calculation period)
	CCERs
	50



	The value of recovery or cost of destroying solar cells at the end of the project life cycle
	Kr
	20%
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Table 7. The results of data analysis.
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Orientation

	
LiBg (USD)

	
Tempered Glass (A)

	
Solar Control Green (B)

	
Low-E (C)




	
     x  i , j A      

	
EsA,30 (kWh)

	
LCCA,30 (USD)

	
     x  i , j B      

	
EsB,30 (kWh)

	
LCCB,30 (USD)

	
     x  i , j C      

	
EsC,30 (kWh)

	
LCCC,30 (USD)






	
East

	
600,000

	
0.80

	
11,726,898

	
8,566,141

	
0.39

	
8,493,189

	
8,656,643

	
0.00

	
1,365,835

	
11,502,243




	
West

	
0.80

	
0.80

	
0.19




	
South

	
0.04

	
0.00

	
0.00




	
North

	
0.00

	
0.00

	
0.00




	
East

	
700,000

	
0.80

	
13,718,351

	
7,585,892

	
0.73

	
10,923,726

	
7,436,830

	
0.00

	
3,818,834

	
10,269,170




	
West

	
0.80

	
0.80

	
0.53




	
South

	
0.27

	
0.00

	
0.00




	
North

	
0.00

	
0.00

	
0.00




	
East

	
800,000

	
0.80

	
15,709,804

	
6,605,643

	
0.80

	
12,999,835

	
6,410,394

	
0.80

	
6,166,818

	
9,039,843




	
West

	
0.80

	
0.80

	
0.80




	
South

	
0.50

	
0.18

	
0.00




	
North

	
0.00

	
0.00

	
0.00




	
East

	
900,000

	
0.80

	
17,701,257

	
5,625,394

	
0.80

	
14,991,288

	
5,430,145

	
0.42

	
8,697,355

	
7,820,031




	
West

	
0.80

	
0.80

	
0.80




	
South

	
0.72

	
0.41

	
0.00




	
North

	
0.00

	
0.00

	
0.00




	
East

	
1,000,000

	
0.80

	
19,238,070

	
4,893,196

	
0.80

	
16,982,741

	
4,449,896

	
0.76

	
11,127,891

	
6,600,219




	
West

	
0.80

	
0.80

	
0.80




	
South

	
0.80

	
0.64

	
0.00




	
North

	
0.15

	
0.00

	
0.00




	
East

	
1,100,000

	
0.80

	
20,549,739

	
4,283,837

	
0.80

	
18,764,820

	
3,583,881
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