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Abstract

:

The smart cities are considered to be an engine of economic and social growth. Most countries started to convert their existing cities into smart cities or construct new smart cities in order to improve the quality of life of their inhabitants. However, the problem that facing those countries while applying the concept of smart cities is the costs, especially for the residential sector. Despite the high initial and even operation costs for adopting different technologies in smart housing; the benefits could exceed those costs within the lifespan of the project. This article is shedding the light on the economics of smart housing. This study aims to evaluate the net present value (NPV) of a smart economic housing model to check the viability and feasibility of such projects. The calculation of the NPV based on Monte Carlo simulation provides an interesting methodological framework to evaluate the robustness of the results as well as providing a simple way to test for statistical significance of the results. This analysis helps to evaluate the potential profitability of smart housing solutions. The research ends up by proving the feasibility of this type of project.
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1. Introduction


Smart city is a powerful concept that has recently captured the attention of decision makers all over the world. The smart city aims to optimize the infrastructure and buildings management while using the Information and Communication Technologies (ICT) in order to improve urban life; boost economic competitiveness; enhance the efficiency of urban and architecture systems; reduce the environmental pollution; and, limit the growth in energy demand [1,2]. The smart city covers diverse aspects of demand for day-to-day life such as the energy, water, health, waste, mobility, buildings, and so on. Many countries have tried to reform their strategies and policies to control the energy demand in the aim of reducing the ecological footprint of the cities since residential sector consumes a significant fraction of the world’s energy supply [3].



The European Union aims to replace at least 80% of electricity meters with smart meters by 2020. According to the European Commission’s 2014 report on smart metering, it is expected that almost 72% of European consumers will have a smart meter for electricity and about 40% will have one for gas [4]. In United States (U.S.), the electric utilities started to deploy smart meters to their residential customers, in 2011, and they aim to deploy smart meters for almost all U.S. at the end of this decade [5].



The global management of resources should not be limited to energy. The scarcity of water that facing many countries become the key mechanism for promoting the efficient water allocation and use [6]. Accordingly, the construction of smart housing become a necessity for many countries.



Nagar et al. (2016) defines the smart home as one that utilizes a combination of appliance-level energy meters, context sensing equipment, automated relays, and user interfaces for detecting and curtailing energy and resources waste [3]. Bin Karnain & Bin Zakaria (2015) argue that the smart home is a concept where devices and systems can communicate with each other and be automatically controlled in order to interact with the household members and improve the quality of their life [7]. For Aljer et al. (2017), a smart home that uses an innovative system to monitor the home with the objective to understand the indoor condition, equipment functioning, and tenants’ behavior in order to establish a based- knowledge strategy improve the housing efficiency and quality [8]. Thus, smart housing consists of four main components; smart meters; sensors or monitoring systems; automatic control system; user interface; and, communication network to connect the devices with each other. Of course, these technologies have a cost. Smart housing can be very expensive, with many sensors; monitoring systems; various meters type; and, sophisticated analytical algorithms. However, the management of energy and resources also have their benefits.



Actually, many studies discuss the difference between the price of standard technologies versus smart technologies in a smart housing. The study [9] compares the cost of on-grid conventional systems, which most likely derive their energy through non-renewable sources, to the cost of installation of a solar system for residential setups under a 1 kW–15 kW range. The study shows that the solar system price is higher than the conventional system by approximately 96%, whereas the cost of installation of on-grid system is 1300 US$, while the cost of installation of a solar system is 37,000 US$. On the other hand, for smart meters, department for business, energy and industrial strategy (2016) states that the cost of installation of traditional electricity/gas meters (credit meter) is £52 and pre-payment meter (PPM meter) is £57, while the cost of installation of electricity/gas AMI (smart meter) is £67, 22% higher than the traditional one [10]. Besides, March et al. (2017) mention in their study that the cost of conventional water meter is cheaper that the smart water meter of about 70%; whereas, the cost of conventional water meter is 25 euros, while these of smart meter is 80 euros [1]. The question is whether the benefits are higher than the costs, i.e., is the financial viability of smart housing worth the investment in technologies?



This paper aims at offering answers to this question. The study uses the economic analysis to investigate the net benefits of a smart housing project from the point of view of government, utilities, and consumers. To do so, a complete literature review on the potential impact (costs and benefits) is first undergone to derive a full set of potential components that need to be integrated in a net present value analysis. The different studies also enable obtaining a full range of potential costs and benefits to investigate a robustness analysis based on a Monte Carlo experiment. The random selection of benefits and costs within the minimum and maximum values is identified and the random growth of the different components is used to obtain a distribution of the net present value calculated based on 1000 different simulations. The analysis is based on a smart housing model that consists of three main components; smart meters; user interface; and, communication network. The research also adds the distributed generation renewable resources as a fourth component for the smart housing model. The research ends up by proving that a smart housing project would realize a positive NPV by approximately 99% within a period of 25 years.



The paper is divided into six sections. The first one presents the definition of the smart housing to be analyzed through empirical analysis. It focuses on the different structures that compose the way smart housing is defined and what it includes. The second one proposes a complete literature review to investigate the different costs and benefits that are associated to the different components. The third section presents the methodology that is used to calculate the net present value based on a Monte Carlo simulation and the way that the data are translated into one single monetary unit. The fourth section presents the results, while the fifth section proposes a discussion of the results. A brief conclusion closes the paper.




2. Smart Housing Model


Smart housing model combines four main components distributed generation renewable resource; smart meters include electricity, gas, water; in-home-display with user interface; and, communication network (home area network), as follows. All of these components are quickly presented and discussed in the next sub-sections.



2.1. Distributed Solar Generation


So far, energy is centrally produced by big power plants, transmitted into cities, and then distributed among several consumers. However, with smart infrastructure, it is more than likely that this landscape will quickly change. There will be a shift from centralized to decentralized distribution and generation, whereas the houses, factories, and regions will be able to generate their own electricity and even feed the excess into the distribution grid. The electricity, in this case, travels much shorter distances to reach the final customers, thus incurring less transmission losses. These systems often use renewable energy generators that can be used in small scales, such as solar, wind, or biomass, as well as other conventional fuels that can be scaled down [2].



In our case, the focus is put on the adoption of rooftop distributed solar generation for residential systems. The study analyses both the off-grid solar systems and the on-grid and off-grid hybrid systems. In the hybrid systems the off-grid systems power the residential systems during peak hours of the day whereas the on-grid systems support the energy consumption during night and off-peak hours. Usually, the excessive electricity that is produced by hybrid systems is transmitted back to the grid for which the utility offers rebates on future electricity bills this concept is named “net metering” [9].




2.2. Electricity Smart Meter


Smart grid technology is being spread out around the world. European Commission considered smart grids as a key component towards a low-carbon energy strategy [11]. Smart Grid is an umbrella term to describe a number of technologies, such as advanced metering infrastructure (AMI) or the smart meters; the two-way communication; and the data analytics tools [12], this part focuses on the electricity AMI. The important aspect of the AMI is the provision of two-way digital communications between the utility and the household, which helps in the better participation in the demand response program; smart charging of plug-in electric vehicles (PEV); integration of distributed generation resources as mentioned above; as well as in operation and management of meter remotely [5,12].




2.3. Gas Smart Meter


The gas smart meter, or gas AMI, represents the next generation of meters. This technology, similar to the electricity smart meter, consists of three layers; the physical meters and associated devices, communications layer covering data transport and communications network management, and IT systems, which manage the data, applications, and services [13]. Accordingly, many studies argue that the gas smart meter would benefit from the communication infrastructure of electricity smart meter. They assume that the electricity smart meter will act as the utility communication-hub for the home; the gas meter will communicate with this communication-hub on the electricity meter; the electricity meter communication-hub will forward the gas data via the electricity smart metering wide area network (WAN) communications system to the electricity smart metering meter data management system (MDMS) at the required intervals; the electricity smart metering MDMS will, in turn, send the gas related data to the gas smart metering MDMS and then onwards to the customer information system (CIS) for validation and processing, in accordance with the required gas market processes. If an in-home display (IHD), as discussed later, is used then the electricity meter communication-hub will also forward the gas data to the IHD [10,13].



It is important to mention that there is another type of meter, the dual fuel electricity and gas meter, which could be deployed in the countries where the supplier of electricity and gas are the same, such as in Great Britain. However, this option should not be applicable in all countries. For this reason, this kind of technology will not be discussed in this study [14].




2.4. Water Smart Meter


“The urban water cycle has not been alien to the smart city revolution” stated March et al. (2017). They argue that water smart meter represents the central element in the digitalization of water networks. However, the water smart meter has not yet been widely deployed, unlike the electricity smart meter. On the one hand, there is still a lack of full understanding of the whole economic life cycle assessment of smart water metering schemes. On the other hand, there is an uncertainty regarding the costs and benefits of smart water meters, which causes that water companies continue to install traditional water meters [1,15]. Alike electricity and gas smart meters, smart water meter reads the customer water usage in real time (or very close to); transfer the data to the water utility and vice versa; and then, processing and analyzing this data [1,6]. By considering the electricity smart meter as a communication hub that can connect to other devices within the residential unit via Home Area Network (HAN), a water smart meter could be considered as a HAN device. Thus, there is an opportunity for the water industry to leverage off this investment and deliver benefits to urban water sector [6].




2.5. In-Home Display with User Interface


In-home displays (IHD); home energy management systems (HEMS); web portal; and, others are technologies that help customers to adjust their power demand by postponing some tasks that require large amounts of electric power in off-peak hours.



The study focuses on IHD, a technology that enables customers to see, in near real-time, what energy they are using, what water they are consuming, and how much they are costing. This will put them in control, avoiding wasting energy, water and money, and support a broader change in behavior in the use of energy and water. Usually, the customers interact with IHD through a simple user interface that helps them to easily understand the display modes [5,6,10,16].




2.6. Home Area Network (HAN)


A Home Area Network (HAN) is an electronic communication system. The HAN that was established by the smart electricity meter is based on ZigBee communications, which potentially allows connection to other ZigBee enabled devices, which include gas smart meter; water smart meter; IHD; communication hub; as well as any smart appliances (smart appliances can be remotely controlled by the consumer via the Home Area Network (HAN)) within the residential unit. Knowing that the electricity meter could act as a communication hub (communications hubs, that operate as a central point in a HAN, allow smart meters and in-home display to connect to each other across the Home Area Network. The Hub gathers metering data from multiple devices and send it to the utility via Wide Area Network (WAN)) in HAN [6,7,10,16].





3. Literature Review


3.1. Cost


The cost of smart housing components, as previously discussed, has been proposed in many studies. Apparently, the initial cost differs according to the hardware costs, the non-hardware costs (mainly labor during the installation stage) throughout different areas, as well as the type of information communication technology (ICT) used in the project (Table 1).



Distributed Solar Generation: obviously, the initial cost of installation for distributed solar generations has affected their adoption, especially in the housing sector. The cost of installing a solar system is dependent on the number of solar modules that is based on the power unit that is needed and the area of roof space available for installation. Hancevic et al. (2017) confirm that the cost of solar generations is declining because of many factors, such as lower module and inverter prices, optimized system configurations, increased competition, lower installer and developer overheads, and improved labor productivity [17].



Most likely, the solar modules and different power components, such as junction box, disconnect switch, wire management, service panels, and backup generators are the first most expensive components in solar systems, followed by the construction cost, Parmar (2016) argued. The study adds that the freight also adds up to a minute cost component in the installation of solar modules. The study also uses a small battery banks in his model to reduce the dependency on on-grid electricity and to accommodate energy use during night and off-peak hours. On the other hand, the hybrid system involves cost components from both on-grid conventional systems and off-grid solar systems [9].



Smart electricity meter: costs vary significantly across the studies, primarily due to differences in labor costs; choice of metering equipment; differences between AMI vendors; the quantity of AMI meters installed; cost of energy efficiency and demand response technologies; whether it has been previously invested in automatic meter reading (AMR); and, type of communications and IT technology, for example General Packet Radio Services (GPRS) and Universal Mobile Telecommunications System (UMTS) are much more costly than power line communication (PLC) technology. Many studies illustrate that the predominant cost driver is the meter, including installation costs followed by IT and communications technology then other auxiliary costs, which differ between case studies. It is important to mention that Faruqui et al. (2011) assumes that the prices will decline significantly as innovations occur, economies of scale take hold, and manufacturing costs decline [5,12,14,16].



Smart gas meter: as declared above, the smart gas meter communication infrastructure is a part of electricity smart meter communication infrastructure. Therefore, the communication infrastructure costs will not be doubled-counted for the gas meter. In this case, the costs include the purchasing and installation of gas smart meter and its equipment; the operation and maintenance; in addition to some incremental communication infrastructure costs for facilitating gas smart metering data transfers and to manage the huge increase in metering-data [13,18].



Smart water meter: the costs of smart water meter include the cost of equipment and installation, as well as the costs of operation and maintenance similar to gas smart meter.




3.2. Benefits


Many studies discuss the benefits of selected smart housing components, either the quantitative benefits that can be expressed by a monetary value or non-monetary benefits where the value could not be exactly determined or the both together. The next part tries to shed the light on some of those studies (Table 2).



3.2.1. Quantitative Benefits


Distributed Solar Generation: apparently, the benefits of distributed solar generation rely on the location of installed system; the weather; average solar peak hours; manpower cost; utility’s energy prices; and, government incentives [9]. From the literature review, it can be deduced that the potential benefits from solar systems adoption are summarized in terms of power savings and the reduction of household expenditure for energy; the electricity government subsidy savings; and, the reduction of carbon emission due to the use of renewable resources.



In the case where the household electricity consumption is heavily subsidized and it is assumed that the users will pay the actual cost of service and the government will remove the energy subsidization, the benefits for households, and the government will be considerably high.



Smart electricity meter: in fact, the benefits of a smart electricity meter deployment are not uniform across the studies and they are influenced by the conditions of each country. E.g. some countries suffer from energy theft, others suffer from the high levels of technical and commercial losses. The value of benefits of smart electricity meter differs from study to another according to the energy price; energy resources; whether there was a previous investment in automatic meter reading (AMR); the weather; the population density; the local labor costs; and, the operation and management of the meter [5,12,14,16].



Based on the literature review, this part tries to cluster the benefits of smart meter into six main groups. The first group is the site works savings and billing system, which includes reduction in cost and time taken for meter reading and billing; error-free bills; reduction in data entry cost; reduction in cost of remote connection and disconnection of meter; reduction in field and meter services, improvement in customer care services; reduction in operational and maintenance costs; and, reduction of uncollectible expense by remote disconnects all non-pay orders. The second is the real time energy auditing which helps to reduce the uncounted and theft energy; faster deduction of dead meters; reduce consumption of inactive meters. The third group is the reduction in energy losses and improvement in reliability, which includes the reduction in technical and commercial losses; improvement of voltage distribution system and reduction in transformer failure due to increase visibility of actual loads on real time basis; rapid outage detection and recovery; and. avoid distribution, transmission, generation capacity investments. The fourth group, is considered the key element of benefits, is the demand response and energy efficiency that represents the reduction in peak power purchase cost through engaging the customers in energy management by providing them with detailed, accurate, and timely information regarding their energy consumption and costs, these will lead to the reduction in electricity usage and load shifting; furthermore, enabling plug-in electric vehicle (PEV) by allowing the PEV owners to charge their vehicles at non-peak times when electricity rates are the cheapest. The fifth group is air pollution, whereas the reduction in energy production and the integration of cleaner distributed generation lead to the decreasing of CO2 emissions and air pollution. The last group is the avoidance in investing in standard meters; and old IT cost related to AMR that will be replaced by AMI. Actually, this last group is considered as a negative cost [5,12,14,16].



Smart gas meter: alike electricity smart meter, the smart gas meter would generate savings through the avoidance of certain activities, such as large reduction in meter-reading costs; site works savings that are related to meter-lock/unlock; reduction in meter exchanges cost regarding the switching between credit to pre-payment meter, which could occur remotely by just changing the smart meter mode; reductions in gas consumption and avoidance of debt by providing real-time information for the residential customers these lead to minimize the fuel-gas required to be compressed in the gas system and delay the investments in network reinforcement; reduction in CO2 emissions; reduction in customer services by enhancing the billing system and minimize customer complaints; eliminating theft of gas; providing savings, in the case of switching suppliers, as the suppliers will be able to take accurate readings on the day of the change; avoiding exchange costs, because there will not be a need to change or invest in conventional meter; in addition, there are some auxiliary benefits, such as the facilities needed, the employees safety, the human resources works that are related to field services that would be eliminated with the deployment of smart gas meter [10,13,18].



Smart water meter: the literature review demonstrates a difficult to identify all of the benefits of this technology and translate them into monetary terms. The monetary benefits discussed in this research are limited. The reduction in meter reading and site visits; reduction in labor costs; detection of water leakage; avoidance of replacement and investment of standard water meters; as well as avoidance of fraudulent readings, especially for low water flow [1,19]. Furthermore, the accurate readings of water consumption and the elimination of estimated bills will reduce customers complaints.



There are other benefits regarding the reduction of water usage and energy usage that are mentioned in the studies but without discussing the value of those benefits. Obviously, by implementing smart water meters the customer water usage reduces, which lead to the reduction in energy consumption used in the operation of water pumps; the reduction in the chemicals used to treat water; and, decreasing of water needs to be treated. In addition, the smart water systems have the ability to measure water quality parameters in real time. The smart water meter will also give the possibilities to segment users and develop new pricing schemes, which help to modulate peak water demands [1,19].



In-home display (IHD): as stated before, IHD is a technology that helps customers to control their energy and water consumption. A study made in Netherlands assume that by using IHD the electricity savings will reach 6.4% but without IHD is only 3.2%. The same case for the gas, the savings may reach 5.1% with IHD and 3.7% without IHD [10]. On the other hand, Commission for Energy Regulation (2011) argues that the savings in gas bill achieve 2.2% by customers who receive detailed informational and graphical analysis of their historical gas usage; and, the saving increased to 2.9% by using IHD that provide half-hourly feedback on costumer gas usage.




3.2.2. Non-Monetary Benefits


Many studies discuss the non-monetary benefits of distributed solar generation. Parmar (2016) states that the resale value of the house with solar generation system increases about 15–20%. On the other hand, Hancevic et al. (2017) argue that the domestic solar generation industry would generate new jobs opportunity and attract new investments for the industry sector.



However, the smart meters, either electricity, gas or water, have many non-monetary benefits, such as consumer satisfaction with their implementation; utilities responding to emergencies rapidly; creation of several jobs; reduction in air pollution; allowing the dynamic prices that reflect shifting supply conditions; promoting the competition within energy and water supply markets; eliminating the monthly visits for customer property, which leads to the increasing of privacy and security of customer; and, eliminating of estimated bills when the customers were absent. There is also a resiliency value for smart meters, in time of disasters the services could be remotely shut off. This will help to limit the amount of losses in infrastructure and minimize the possibility for fire incidence or home drowning. On the other hand, during the drought situations, the irrigation and landscaping water meters could be shut off. At the end, the non-monetary benefit that would represent an asset in the near future is “selling the data”. Smart meters will collect massive amounts of data. In addition to the benefits of collecting data to provide more reliable services, as mentioned above, it can be also sold for statistical purposes as well as for marketing issues as many companies would be interested to know customer’s habits in order to do customer profiling. Evidently, when considering that the data as commodity depends on the regulatory context, who will own the data is the customer or the utility for example. Additionally, regulatory issues also arise regarding data access, availability, transparency, and pricing. All of the aforementioned non-monetary benefits confirm the feasibility of deploying the AMI [1,2,5,10,13,16,18,19,22].






4. Methodology


4.1. Net Present Value: A Monte Carlo Simulation Approach


The individual profitability of a project is usually investigated through the calculation of the net present value (NPV) of its costs and benefits. The classic method consists of actualizing cost, Ct, and benefits, Bt, that is related to a given project over the life cycle of the project, t=0 ,…,T. By calculating the cash flows over each time period, CFt=Bt−Ct, the NPV reflects the global advantage of the project in the actual cash value (Equation (1)).


NPV=∑t=0TBt−Ct1+i1+πt



(1)




where i stands for the nominal interest rate and π stands for inflation rate.



Most of these analyses are based on single values of cost and benefits over time, i.e., Ct=C ∀ t=1,…,T and Bt=B ∀ t=1 ,…, T, which means that no robustness check can be made and the final analysis only rely on single values of both costs and benefits. One way to avoid such an assumption and fragility of the final results is to use Monte Carlo experiment, which allows for generating many values, for costs and benefits, as wishes [23]. Most of the empirical Monte Carlo experiment suggest that choosing 1000 different scenarios is large enough to ensure robustness. However, the analysis is usually limited to change (randomly) the growth rate of cash flows.



Here, we propose a more complete solution, where the costs and the benefits are simulated based on their maximum (Cmax; Bmax) and minimum (Cmin; Bmin) values deduced from the literature (appendices 1 and 2). For both components, the initial costs and benefits are calculated based on the maximum and minimum values that were obtained in the literature and on a random uniform coefficient to apply a simple mathematical transformation on the extreme values (Equations (2) and (3)).


Bo,i=Bmin+τb,iBmax−Bmin



(2)






Co,i=Cmin+τc,iCmax−Cmin



(3)




where τb,i and τc,i represent a uniform random number choose for benefit (b) and cost (c) for the simulation i for the initial period (t=0,1). Thus, initial benefits and costs values are both selected within their minimum and maximum values for each simulation.



After having fixed the initial values for benefits and costs, the components that evolve over time (excluding the implementation costs) are assumed to change based on a random growth rates for both components: benefits and costs (operation and maintenance costs).



The benefit growth rate, δb, and the cost growth rate, δc, are simulated based on a normal random variable (divided by 100—Equations (4) and (5). Globally, approximately 99% of the simulated growth rates vary between ± 3%, with an equal probability of experiencing a positive or negative growth.


Bt,i=Bt−1,i1+δb ∀ t=1,…,T



(4)






Ct,i=Ct−1,i1+δc ∀ t=1,…,T



(5)







Thus, the cash flows for each period, CFt,i, are necessarily different within each time periods and within each simulation, since the individual benefits and operation and maintenance costs components evolve over time and change within simulations.



The main advantage of this procedures is that it allows for retrieving a full distribution of each benefit and costs components, as well as providing a distribution for the NPV, allowing to check the number of simulations that return a positive value. Of course, the choice of a project can be based on different criteria’s, such as the recuperation time, the benefits/costs ratio, or the internal rate of return. However, the analysis put more focus on global profitability, while the benefits/costs ratio (BCR) is also reported to identify the relatively more profitable scenarios. From a pure economic consideration, the project with positive NPV is said to be interesting and valuable. Of course, a positive NPV does not mean that the project under consideration is necessarily the better alternative within the full set of possibilities. For this reason, the BCR is also reported identifying the project that returns the higher leverage effect (having the higher benefits compared to the investment). Thus, combining the two criteria may be helpful for decision makers.




4.2. Data


The data that were used in the Monte Carlo simulation are deduced from the literature (Table 3). It should be noted that the list of potential costs and benefits included in the analysis are those that have been related to existing studies since the values are based on an extensive literature review. The addition of any components can easily be incorporated in an extension of the study.



Obviously, the inferred data need to be harmonized in order to represent the same currency; years; and unit value (Appendix A, Table A1 and Table A2. The study uses the exchange rate at the time of the initial study to convert all of the components value in US$ [24]. Then calculates the present value (PV) for each component either for costs (C) or benefits (B) in 2019 (Equations (6) and (7)).


PVC= C1+rt0−tj



(6)






PVB= B1+rt0−tj



(7)







Whereas the real capitalization interest rate r is equal to 3%; t0 represents the year of simulation (2019); and, tj represents the year of the study j.



Finally, the simulations are based on a nominal interest rate (i) that is equal to 10% and the inflation rate (π) equal to 3%, which is usually the condition for such analysis in developed countries, such as Canada [25,26].





5. Results


In the simulation, the study assumes the nominal interest rate (i) equal to 10% and the inflation rate (π) equal to 3%. The net present value is calculated within a period (t) of 25 years. As shown in Table 4, the results of NPV for the six components of smart housing model are globally positive. The values of NPVs are not always positive, but the percentage of negative values is quite low, which suggests that the NPV is statistically significant (95% of the NPV are positive) (Figure 1).



For the distributed solar generation, the percentage of positive NPV of the solar system is higher than the hybrid system, which represents the most uncertain component, with 70.7% of the NPV returning a positive outcome. Secondly, for the three smart meters—electricity, gas, and water—the percentages of positive NPV are, respectively, 98.2%, 100%, and 84.5%. The in-home-display (IHD) NPV is shown to be always positive (Table 4).



On the other side, by examining the simulation outcomes regarding the benefits, it can be deduced that some benefits have strong influence than others (Figure 2 and Figure 3). For example, the savings that are offered by the application of distributed solar generation to the users and the government are extremely higher than the environmental benefit. By investigating the benefits of the three smart meters, it can be realized that there is a great commonality across their benefits ranking, the key drivers of benefits are almost the same. The reduction in meter readings expenses returns the highest benefits across all the meters, followed by the reduction in energy consumption and the avoidance of meter exchange. Actually, the reduction in water demand by using the smart meter is cited in many studies, but there is no consistency regarding the percentage or the monetary value, otherwise it can show a meaningful benefit value (Figure 4, Figure 5 and Figure 6). Besides, the value of the reduction in electrical energy demand is higher than the gas energy demand, when using IHD, as the electricity tariff is higher than the gas tariff (Figure 7). At the end, it is important to note that the mean value of the NPVs for all of the components are always positive as well as the benefits and costs ratio are always more than one (Table 4).



The study suggests three scenarios of simulation in order to determine the NPV of the smart housing model. The first scenario represents the sum of the NPVs of distributed solar generation (solar system), the three meters, and the IHD. The second scenario is for the sum of the NPVs of distributed solar generation (hybrid system), the three meters, and the IHD. The third scenario calculates the sum of the NPVs of the three meters and the IHD without distributed solar generation. By comparing the percentage of positive NPV of the three scenarios, it can be deduced that the highest value is for the first and the third scenario, 99% and 98.8%, respectively. Subsequently, the second scenario, the smart housing with the distributed solar generation (hybrid system), is the lowest one, with 93.7% of the values returning a positive outcome (Table 5, Figure 8). Additionally, the value of mean NPVs are positive for all the scenarios as well as the benefits and costs ratio is more than one, which signifies that investing in smart housing is financially viable.




6. Discussion


The results confirm that the rooftop distributed solar generation is one of the advantages of the smart housing, where the energy production shifts from centralization to decentralization. Although many studies argue that the initial cost of such technologies is declining, because of many factors, such as the increasing in economic competitiveness, the decreasing in manufacturing costs, the optimization in system configurations, the improving in labor productivity, in addition of other many factors; but, the initial cost still relatively high especially for the residential sector. This study compares the NPV for both the off-grid solar system as well as the on-grid and off-grid hybrid system. Indeed, the percentage of positive NPV for the solar system is higher than the hybrid system. The reasons are, first, the hybrid system involves the cost components from both on-grid conventional system and off-grid solar system, which means that, although the number of solar modules are less in the hybrid system, this difference is compensated by the installation of conventional power source; second, there are some auxiliary costs that are the same, regardless the number of solar modules, such as the transportation cost; in addition, for the hybrid system adopters, they have to pay for the energy that is consumed from the conventional system. In this case, the price of energy varies if the adopters transmit the excessive electricity back to the grid under the “net metering” system. On the other hand, it can be noticed that the benefits are the same for system size of 1 kW (Appendix A, Table A2). Noticeably, the application of the rooftop distributed solar generation could be worthy for the countries with heavily subsidized energy price, and it is doing reformation to remove the energy subsidization, such as Egypt and Mexico; or, the countries that experience a hike in their average cost per kilowatt for electricity, such as the U.S.; or the countries that experience high demand in energy especially for clean energy.



As aforementioned, the cost of electricity meter differs based on the characteristics of the meter; the type of communications and information technology adopted; and, the type of energy efficiency technologies used. Form the other side, the deployment of gas and water smart meters can take benefits from the communication infrastructure of electricity smart meter; in this case, the system of communication needs just to be reinforced in order to support the increasing of transmitted data.



Actually, the three smart meters have various benefits for governments, utilities and the customers. These benefits can exceed the costs and give a positive mean NPV, as shown in Table 4. Noticeably, the most important benefit for the three meters is the reduction in meter reading, which represents 38%, 42%, and 48% of the total benefits for the electricity, gas, and water meters, respectively. In addition, the reduction in energy demand is one of the significant benefits, with 19% for electricity smart meter and 36% for gas smart meter, concerning the water sector many studies confirm that the deployment of water smart meter will reduce the water consumption, but there is no consistency regarding the reduction percentage. Furthermore, the avoidance of investing in standard meter or exchanging to pre-payment meter is also one of the important benefits for the three meters, this benefit is considered to be negative costs. Moreover, the electrical smart meter helps to reduce the technical, commercial losses, and transformer failure; this benefit represents 14% of total electrical smart meter benefits, this benefit is very important for the countries that endure from a high rate of energy losses. Actually, the deployment of the three smart meters enhance the reliability of the services in terms of providing accurate readings, minimizing customers complains, managing the outage efficiently, and others.



Though the mean NPVs for the three smart meters are positive (Table 4), by examining the percentage of positive NPV, it can be deduced that a limited percentage of NPV returns a negative outcome NPVs, especially for the electrical and water smart meters. Apparently, the water smart meter shows a relatively low, with 84.5% of positive outcome NPV, which is due to many factors; first, the water smart meter and associated systems are very expensive; second, not all of the benefits are converted into a monetary value; and third, the water is less expensive than the electricity and gas, thus the benefits value are not considerable in NPV equation.



The research ends by carrying out three scenarios for evaluating the NPV of smart housing model. These show that the smart housing model is economically feasible, either by using off-grid solar system or not, whereas the percentage of positive NPV is approximately 99% and the benefits and costs ratio is more than one. It is important to note that the BCR of scenario 3 (without distributed solar generation) is the highest one which emphasize the profitability of this scenario.




7. Conclusions


This research proposes to study the economic feasibility of smart housing based on the calculation of the net present value for four main components: smart meters include electricity, water, gas; in-home-display with user interface; communication network (home area network); and, a distributed generation renewable resource. Illustrative results are presented for each component based on Monte Carlo simulation output, as well as for three different scenarios for the smart housing model. The Monte Carlo simulation helps to reduce the mathematical limitation that must be considered based on single cash flows (costs and benefits) for a project. If most of the studies have, so far, proposed to change only growth rates for cash flows, this study considers the uncertainty in each item of NPV equation, including the initial costs and benefits, as well as the growth rate of both components, independently, within the life cycle of the project.



The results show that the smart housing model is financially feasible, either by using off-grid solar system or not, whereas the percentage of positive NPV is approximately 99% and the benefits and costs ratio is more than one. It can be suggested that, by considering the non-monetary benefits this minor amount of negative NPVs will diminish. To conclude, the high ratio of positive NPVs as well as the positive mean NPV in all smart housing components signify that investing in smart housing make economic sense, as well as this type of project not only will cover its costs within its life cycle, but could also provide a reasonable profit margin, either for the utilities or the government, even for the customers themselves.



This study suggests that public sector, private sector, developer, and decision makers should change their point of view regarding this new type of development and to start to invest in smart housing projects either by converting the existing ones or constructing new ones. As well as, to emphasize that the concept of smart housing is not only limited for high income housing, since the emerged technologies are relatively expensive, but also it would be profitable for low income housing.



It is important to mention that most of the literature that were used in this research are reports completed by utilities or companies to evaluate the costs and benefits of different smart technology separately, e.g., a report discusses the electricity smart meter, other the water and so on. This study tries to combine all of these reports into one document that offers a comprehensive vision for the concept of smart housing.
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Table A1. The harmonized costs.






Table A1. The harmonized costs.





	
Author

	
Subject

	
Harmonized Costs




	
Item

	
Value

	
Unit

	
Currency 1

	
Years






	
Vanshdeep Parmar, 2016

	
Micro-generation (Solar System)

	
Installation of a Solar System (Texas)

	
2971.34

	
kw

	
US$

	
2019




	
Cost for utility

	
-

	
-

	
-

	
-




	
Micro-generation (Solar System)

	
Installation of a Solar System (California)

	
3331.51

	
kw

	
US$

	
2019




	
Cost for utility

	
-

	
-

	
-

	
-




	
Micro-generation (Solar System)

	
Installation of a Solar System (Hawaii)

	
3691.67

	
kw

	
US$

	
2019




	
Cost for utility

	
-

	
-

	
-

	
-




	
Micro-generation (Hybrid System)

	
Installation of a Hybrid System (Texas)

	
3718.96

	
kw

	
US$

	
2019




	
Cost for utility

	
39.22

	
kw/year

	
US$

	
2019




	
Micro-generation (Hybrid System)

	
Installation of a Hybrid System (California)

	
4349.63

	
kw

	
US$

	
2019




	
Cost for utility

	
62.16

	
kw/year

	
US$

	
2019




	
Micro-generation (Hybrid System)

	
Installation of a Hybrid System (Hawaii)

	
5111.71

	
kw

	
US$

	
2019




	
Cost for utility

	
101.80

	
kw/year

	
US$

	
2019




	
Hancevic et al., 2017

	
Micro-generation (Solar System)

	
Installation of a Solar System

	
2104.70

	
kw

	
US$

	
2019




	
Operation and maintenance

	
4.21

	
kw/year

	
US$

	
2019




	
Padmini et al., 2017

	
Electricity AMI

	
Smart meter

	
65.05

	
meter

	
US$

	
2019




	
IT costs

	
11.22

	
meter

	
US$

	
2019




	
Operation and maintenance

	
3.63

	
meter/year

	
US$

	
2019




	
Ameren Illinois, 2012

	
Electricity AMI

	
Smart meter

	
172.59

	
meter

	
US$

	
2019




	
IT costs

	
206.47

	
meter

	
US$

	
2019




	
Operation & management (8 years deployment)

	
50.18

	
meter

	
US$

	
2019




	
Operation and maintenance

	
23.14

	
meter/year

	
US$

	
2019




	
Ahmad Faruqui et al., 2011

	
Electricity AMI

	
Smart meter and enabling Demand Response/Energy Efficiency technologies (case study 1: Pioneer)

	
274.49

	
meter

	
US$

	
2019




	
Smart meter and enabling Demand Response/Energy Efficiency technologies (case study 2: Committed)

	
377.76

	
meter

	
US$

	
2019




	
Smart meter and enabling Demand Response/Energy Efficiency technologies (case study 3: Exploratory)

	
308.90

	
meter

	
US$

	
2019




	
Smart meter and enabling Demand Response/Energy Efficiency technologies (case study 4: Cautious)

	
357.49

	
meter

	
US$

	
2019




	
Af-Mercados Emi & Institute of Communication & Computer Systems of the National Technical University of Athens ICCS-NTUA, 2015

	
Electricity AMI

	
AM Installation (Portugal)

	
86.58

	
meter

	
US$

	
2019




	
IT & communication (Portugal)

	
63.74

	
meter

	
US$

	
2019




	
Customer care (Portugal)

	
28.78

	
meter

	
US$

	
2019




	
AM Installation (Flanders)

	
595.77

	
meter

	
US$

	
2019




	
IT & communication (Flanders)

	
163.07

	
meter

	
US$

	
2019




	
Customer care (Flanders)

	
116.48

	
meter

	
US$

	
2019




	
Mark L. Serrano, 2009

	
Gas AMI

	
Gas meter cost

	
222.68

	
meter

	
US$

	
2019




	
Commission for Energy Regulation, 2011

	
Gas AMI

	
Gas meter cost with IHD

	
349.73

	
meter

	
US$

	
2019




	
IT & communication

	
45.74

	
meter

	
US$

	
2019




	
Operation & maintenance

	
1.99

	
meter/year

	
US$

	
2019




	
Department for business, energy and industrial strategy, 2016

	
Gas AMI

	
cost of equipment

	
115.71

	
meter

	
US$

	
2019




	
installation cost

	
136.02

	
meter

	
US$

	
2019




	
Operation & maintenance

	
2.90

	
meter/year

	
US$

	
2019




	
U.S. Department of Housi