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[bookmark: _GoBack]SUMMARY
The combined use of clean technologies can lead amongst other benefits to reduced environmental impacts, improved system efficiencies, better management of land scarcity, and diminishment of the effect of power variability of intermittent clean energy sources. Nonetheless, private investors facing budgetary constraints will only opt to invest in the combination of technologies if the latter is more profitable than the investment in a single technology. The aim of the paper is to provide a systematic model for decision makers that allows them to evaluate the profitability of any random combination of technologies under budgetary constraints, and to compare this profitability with that of the individual projects in isolation. This research goes beyond the state of art in the field of financial management and more specifically in the field of the rationing of capital amongst interdependent projects, by developing a method to calculate the payoff of interdependent projects undertaken together. Moreover, this paper develops a computational model from the investor’s point of view, of which the purpose is threefold: First, the model allows to directly compare the economic payoff of individual complementary technologies with the economic payoff of their integrated combination, under budgetary constraints. Second, the model calculates economic synergies labeled “benefits of combined technologies” (BOCT) when combining complementary technologies. Third, the model explains the rationalization behind the presence of BOCT. The model exemplifies an ex ante cost benefit analysis developed for business and non-governmental use. A four step methodology is proposed and illustrated by means of a case study of PV solar power and battery electric vehicles (BEVs) for a small Belgian enterprise. Results show that at low electricity prices (<€0.112/kWh) it is most profitable to invest in BEVs. When the price of electricity rises (>€0.134/kWh), investment in exclusively PV becomes most attractive. In all other cases, it is more profitable to invest in the combination of both technologies. 
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INTRODUCTION
There are numerous reasons why an investor might prefer to undertake a combination of complementary clean technologies together rather than to invest in one single clean technology, including (i) greenhouse gas emission reduction; e.g. solar air-conditioning systems [1], electric vehicles powered with low carbon electricity [2]; (ii) appropriate management of land scarcity; e.g. building integrated photovoltaics [3], photovoltaic noise barriers [4]; (iii) diminishment of the effect of power variability of intermittent clean energy sources; e.g. combining electric vehicles and wind power [5], combining solar PV with electric vehicles and heat pumps [6] utilizing a spatially diverse solar farm portfolio rather than a single site farm [7]; combining solar PV with decentralized storage systems [8]; (iv) grid independency; e.g. solar powered consumer electronics [9]; solar powered LED lighting [10]; (v) improved energy and exergy efficiencies; e.g. renewable energy-based multi-generation systems [11], thermal management systems for electric vehicles [12]. All these examples enhance a firm’s corporate environmental responsibility (CER), though any rational investor will only opt for the combined clean technology when the latter has a nonnegative economic payoff that exceeds the payoff of the single technologies, given budgetary restrictions. We assume that companies seek to maximize economic return while improving CER, given limited investment resources. This research quantifies the economic benefits of combining clean technologies given budgetary constraints, from an investor’s point of view. 
The aim of the paper is to provide a systematic model for decision makers that allows them to evaluate the profitability of any random combination of technologies under budgetary constraints, and to compare this profitability with that of the individual projects in isolation. This research goes beyond the state of art in the field of financial management and more specifically, in the field of the rationing of capital in the sense of liquid resources. Moreover, one of the three major problems in the rationing of capital is how to select the most profitable project amongst mutually exclusive alternatives [13]. While rationing capital models are fundamentally focused on investment projects that are mutually independent, these types of investment decisions may involve choices amongst investment projects that are not mutually independent or hence that are interdependent. That is, the economic payoff of any one project may depend on the other projects undertaken with it [14]. Following this definition, complementary technologies as considered in this paper are an example of interdependent projects. Several optimization methods have been developed to find the optimal (or nearly optimal) payoff of the joint undertaking of interdependent projects [14-17]. [12-14]Within these optimization methods, the interdependencies amongst different technologies or projects or in other words, the interactions between projects undertaken together, are assumed to be given data [14], either hypothetical data or data obtained from a collaborating company. We argue that this number is not obvious to assess. In literature, examples of the economic assessment of joint technologies can be found on a case-by-case basis [4; 18-20]. However, a systematic method to calculate the joint payoff of a random combination of technologies is missing. Moreover, no information is provided on the comparison of investing in the integrated combination of complementary (interdependent) technologies with investing in their individual counterparts, given budgetary constraints. Filling this gap, this paper develops a computational model to support the investors’ decision making that (i) calculates the economic payoff of individual complementary technologies and their integrated combination under budgetary constraints; (ii) quantifies economic synergies labeled “benefits of combined technologies” (BOCT) when combining complementary technologies; (iii) explains the rationalization behind BOCT. 
The proposed framework is visualized in Fig. 1 for two clean, complementary, interdependent technologies N1 and N2. Given limited investment resources, the investor can compare the joint economic payoff VN1,N2 and the economic payoffs of the individual technologies VN1 and VN2. To obtain these payoffs by means of a cost benefit analysis (CBA), the net benefits of investing in Ni are compared with the net benefits of a reference Ri that would be displaced if the technologies under consideration were to proceed. The outputs of the technologies Ni to be assessed should equalize the respective outputs of the displaced technologies Ri to obtain correct CBA results (ONi=ORi). The displaced technology is called “the counterfactual”, usually the status quo [21]. When comparing the payoffs of the joint and individual technologies, BOCT can be established due to characteristics of the technology itself, market conditions, and regulation that cause nonlinearities when combining technologies.
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Figure 1 Framework regarding the assessment of economic benefits of combining technologies (BOCT) given limited investment resources, applied to clean complementary technologies N1 and N2
Section 2 elaborates on a four-step methodology, which is illustrated by a comprehensive case study of PV solar power and battery electric vehicles (BEVs) in section 3. The paper ends with a conclusion section (section 4).
METHODOLOGY
Magnitude limited investment resource and technology sizes
Several business firms do not apply the firm’s cost of capital to decide which projects should be undertaken but, instead, they determine the magnitude of their capital budget in some other way that results in fixing an absolute monetary limit on capital expenditures [13]. We focus on a basic case of limited investment resources, that is capital expenditures are required in one accounting period only. In this first step, the initial investment capital I0 or in other words, the magnitude of the capital expenditure c, is to be determined according to the investor’s preferences (Eq. 1).
								(1)
Investment size any individual technology
We recall from Figure 1 that the economic payoff of the technologies is calculated by comparing the net social benefits of the investment in a particular potential project with the net social benefits of the investment in a project that would be displaced if the project under evaluation were to proceed. Hence, to calculate the technology sizes, we consider the additional costs of the investment in the project technology as compared to the displaced technology or counterfactual. This can be interpreted as the amount of the project technology (e.g. number of vehicles, amount of power, …) that can be purchased additionally to the amount of the displaced technology that could have been purchased instead.” Given a limited amount of investment resources, the size of any individual technology (sizeNi) can be calculated according to Eq. 2, where the denominator UCNi-UCRi represents the initial unit cost of technology Ni directly compared to the initial unit cost of displaced technology Ri. We assume that the unit cost of technology Ni exceeds the unit cost of displaced technology Ri.
 								(2)
If the technologies Ni that need to be compared have the same lifetime, the denominator UCNi-UCRi is easily calculated as UCN1-UCR1, …, UCNn-UCRn for all n technologies. When the technology lifetimes are unequal, this calculation becomes more complex. We use the roll-over-method to compare projects with unequal lifetimes [21]; the project with the shorter lifetime is “rolled over” within the lifetime of the longer project: Given technology Ns with short lifetime nNs that needs to be compared with technology Nl with longer lifetime nNl, the number of times that project Ns needs to be “rolled over” (z) is given in Eq. 3. The calculation of the initial unit cost of investment in Ns as compared to the investment in any displaced technology Rs (UCNs-UCRs) is calculated according to Eq. 4, considering the annual price evolution of the technologies Ṗ and the discount rate r. 
 									(3)
				(4)
The calculation of the technology size necessitates the determination of the initial technology unit cost. Due to the existence of economies of scale, i.e. cost advantages that enterprises obtain with increasing scale [22], the technology unit cost to be paid by the investor may vary for different technology sizes. An additional factor that can influence the technology unit cost is policy. Examples include subsidies which can be received only for installations of limited sizes or additional measures that imply additional costs, which are required for installations exceeding a certain threshold size. 
Investment size of any joint combination of interdependent technologies
The investment size of any joint combination of interdependent technologies is calculated by solving a system of equations as outlined in Eq. 5. The first equation indicates that the investment cost I0 is composed of the initial unit cost of all technologies directly compared to the initial unit cost of the displaced technologies (UCNi-UCRi) multiplied by their size (sizeNi = sizeRi). The other equations represent the technical interrelationships among the different technologies within the integrated combination.
	(5)
The relationship among technology sizes is case specific and can be expressed as the size of a certain technology Ni within the combination multiplied by a capacity constant ci. The latter could represent the number of solar cells needed to power PV LED lighting during one hour, the amount of solar panels needed to fuel a solar powered electric vehicle to drive one kilometer,… To determine the numerical value of this constant, information is needed on the demand required from the integrated technology. The latter should equalize the demand required from the displaced technology (see Figure 1). Note that due to possible interdependencies when combining technologies, the unit cost of any technology Ni within the joint technology N1, N2, …, Nn cannot simply be assumed to equal the unit cost of the individual technology Ni. Instead, this unit cost should be determined for each unique combination of technologies, considering all existent interdependencies.
Economic payoff of investment options
To measure the economic payoff, we make use of the net present value (NPV) criterion as recommended by Boardman et al. [21]. The NPVN of technology N is calculated according to Eq. 6, where CFN,t is the cash flow at time t, r is the discount rate, and I0,N is the acquiring cost. The annual cash flow is calculated as the sum of the benefits BN,t (including subsidies) minus the costs QN,t, and the total amount of taxes TN,t to be paid in year t (Eq. 7). The taxes are computed in Eq. 8, where deductable QN,t represent the costs that are allowed to be deducted from the taxable income in year t, AN,t stands for the total amount of amortization in year t, Td%,N represents the tax deduction percentage, and tr equals the company’s tax rate [23]. The total amount of amortization in year t (AN,t) is calculated in this paper using the declining balance amortization method [23]. The NPV of technology N can be compared to the NPV of any displaced reference technology R (NPVN-R) by means of Eq. 9. We note that for any technology Ns that needs to be rolled over z times for purposes of comparison, the investment cost should be rolled over as well. Moreover, the investment cost is then calculated following Eq. 10. The cash flow is calculated analogously.
 									(6)
									(7)
 						(8)
									(9)
 							(10)
Benefits of combined technologies (BOCT)
BOCT can be assessed by comparing the joint payoff of the combined technology with the economic payoffs of the individual technologies, given limited investment resources. Per definition, BOCT occur when the joint economic payoff of the combined technology exceeds the maximum of the individual economic payoffs of the complementary technologies (Eq. 11). 
 	(11)
Rationalization behind BOCT
As a final step, we describe how to find the parameters that explain BOCT for any combination of interdependent technologies. To this end, we assess the parameters p that cause nonlinearities when combining different technologies. In other words, we verify which parameters p determine the difference between the joint payoff of the combined technology and the relative linear combination of the payoffs of the individual technologies composed of the sizes of the technologies within the integrated combination divided by the size of the corresponding individual technologies (Eq. 12). These parameters p can be technological, they can relate to market conditions or to regulation (Figure 1). To improve the comprehensibility, we illustrate this equation with a simplified example: Assume that the economic payoff of individual technology A (NPVA) equals €100, and that the economic payoff of individual technology B (NPVB) equals €200. If all the parameters related to the economic payoff of technology A and B were to evolve linearly when the two technologies are combined, than the combined technology that consists of 50% of technology A and 50% of technology B would have an economic payoff of €150. However, if there are nonlinear parameters that cause the economic payoff of the joint technology to exceed €150, than economic synergies or BOCT are said to be present. Note that some nonlinear parameters will cause disadvantages for the combined technology, while other nonlinear parameters will imply benefits for the discussed combination. To verify the occurrence of the BOCT, it is the “net effect” of all the nonlinear parameters that is to be taken into account. 
								(12)
CASE STUDY
The case is based on a real-life example; i.e. a small steel processing company located in Flanders (Belgium), seeking to maximize economic returns while improving CER, given budgetary limits. The company considers two clean technologies within which to invest: solar PV panels and battery electric vehicles (BEVs). They consider these technologies because they have needs for both electricity generating and transport technologies. They are interested in PV in particular because (i) they have a large area available to install PV panels and (ii) the installation of this solar project does not require filing for an official permission, which would be the case for alternative energy technologies such as wind mills. The company considers BEVs for transport because they prefer a “zero-emission” vehicle that they can easily “fuel” with electricity that is available on their site, which would not be the case for alternative clean transport technologies such as hydrogen vehicles. We illustrate how the small and medium sized enterprise (SME) can apply the model to compare the economic payoff of solar panels (displacing grid electricity), battery electric vehicles (displacing gasoline fueled internal combustion engine vehicles), and the combined technology, i.e. solar powered BEVs (displacing gasoline fueled ICEVs), given limited investment resources. Results are summarized in Figure 2, numerical data about the technologies in Table 1. We note that the electric vehicle considered is the Nissan Leaf, which has a substantially lower purchase price than an “average” battery electric vehicle, due to the fact that the former is mass produced [24]. The methodology is applied to this case in subsections 3.1 – 3.4. We assume that the lifetime of the project equals the lifetime of the “longest living” technology; that is solar PV with a lifetime of 25 years.

· Technology: 
· Large PV installations have a significant impact on the local grid
· Market: 
· Cost of GPRS and monitoring for BEVs is paid per year rather than per vehicle
· Regulation: 
· Local PV subsidy limited to 1,000€ per installation
· Legislation imposes additional costs for PV installations exceeding 11.5kWp
· Tax benefits on electricity costs can only be obtained when purchasing grid electricity
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Figure 2 Framework regarding the economic assessment of benefits of combining technologies (BOCT) illustrated for a case of solar photovoltaics (PV) displacing grid electricity, and battery electric vehicles (BEVs) displacing internal combustion engine vehicles (ICEVs), given limited investment resourcesLimited investment resources: 157,474€
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Table 1 Case: data 
	Parameter
	Value
	Motivation

	General

	tr
	33.99%
	Company’s tax rate on profit according to Wetboek der Inkomstenbelastingen 1992

	r
	4%
	Discount rate according to [25]

	PV installation

	β
	850kWh/kWp
	Irradiation factor in Belgium according to [26]

	ŋ
	100%
	Efficiency rate according to [27], assuming an inclination angle of 30° and an azimuth angle of 0°

	α
	0.70%/yr
	Annual system performance deterioration rate according to the performance guarantee on PV modules

	nPV
	25 yr
	Lifetime PV installation according to 4 Belgian PV companies

	nAPV
	20 yr
	Amortization period PV equals the maximum period during which TGCs can be obtained 

	UCPV
	3,100€/kWp if Ptot <11.5kWp
4,000€/kWp if 11.5<Ptot<50kWp
3,600€/kWp if 50<Ptot<70kWp
2,900€/kWp if 70<Ptot<90kWp
2,700€/kWp if 90<Ptot<110kWp
	Average initial unit cost of PV depends on the total power of the installation; numerical values according to 4 Belgian companies. For installations exceeding 11.5kWp, legislation imposes the additional costs of a grid study, a meter, and a decoupling box. For larger installations the unit cost decreases due to economies of scale.

	INSCPV
	2.5‰ of PV investment cost
	Average annual PV insurance cost according to 4 Belgian PV companies

	MaCPV
	15€/kWp
	Average annual PV maintenance cost according to 4 Belgian PV companies

	TGC
	0.33€/kWh
	Value of tradable green certificates (PV subsidies), data available from www.energiepsaren.be

	SUBSlocal
	15% of PV investment cost 
(max 1,000€)
	Local PV subsidy, data available from www.energiesparen.be

	EID%
	13.5% of PV investment cost
	Elevated investment deduction for PV installation, data available from www.energiesparen.be

	Grid

	UCelectr
	0€
	The initial unit cost to invest in grid electricity is 0, assuming that the grid is already available at the site

	Pelectr
	0.12€/kWh
	Average electricity price for the SME 

	ṖElectr
	2.24%
	Annual evolution of electricity prices for industrial consumers in Belgium over the last 10 years, data available from Eurostat

	Battery electric vehicle (Nissan Leaf) versus internal combustion engine vehicle (Nissan Note Tekna 1.6l)

	nBEV
nICEV
	5 yr
5 yr
	Average lifetime of a company car in Belgium

	nABEV
nAICEV
	5 yr
5 yr
	The amortization period of the vehicle equals the vehicle’s lifetime 

	Dt
	17,120km/veh/yr
	Average annual travel distance of the displaced ICEVs

	TdBEV%
TdICEV%
	120%
75%
	Tax deduction percentage according to the Programmawet 23-12-2009, data available from www.ejustice.just.fgov.be

	SUBSBEV
SUBSICEV
	1%
0%
	Ecology subsidy according to http://ewbl-publicatie.vlaanderen.be

	UCBEV

UCICEV
	29,403€ for <= 5 vehicles
26,463€ for 5<vehicles<50
16,487€ for <= 5 vehicles
14,838€ for 5<vehicles<50
	Initial unit cost of the vehicles according to www.nissan.nl; quantity discount according to 2 Belgian Nissan distributors

	ṖBEV
ṖICEV
	-1.41%/yr
-1.41%/yr
	Annual evolution of vehicle prices, calculated as the geometric mean of the evolution of car prices from 2003 till 2011, data available from http://ec.europa.eu

	ToBEV
ToICEV
	61.50€
123€
	One off vehicle registration tax, data available from http://koba.minfin.fgov.be

	TnBEV
TnICEV
	71.28€
248.29€
	Annual traffic tax, data available from http://koba.minfin.fgov.be

	ṖToBEV
ṖToICEV
	0%/yr
0%/yr
	Annual evolution of the one off vehicle registration tax; this has been stable over the last 6 years and is expected to remain stable for the coming years, data available from www.minfin.fgov.be

	ṖTnBEV
ṖTnICEV
	1.02%/yr
1.02%/yr
	Annual evolution of the annual traffic tax; calculated as the geometric mean of the evolution of annual traffic taxes from 2005 till 2011, data available from www.minfin.fgov.be

	MaCBEV
MaCICEV
	1,332€/5yr
4,440€/5yr
	Maintenance cost of the vehicle according to 2 Belgian Nissan distributors

	FuseBEV
FuseICEV
	0.173kWh/km
6.8l/100 km
	Fuel use of the vehicle according to www.nissan.be

	Pelectr 
Pgasol
	0.12€/kWh
1.50€/l
	Average electricity price for the SME 
Gasoline price, data available from www.petrolfed.be

	ṖElectr
Ṗgasol
	2.24%/yr
3.54%/yr
	Annual evolution of electricity prices for industrial consumers in Belgium over the last 10 years, data available from Eurostat. Annual evolution of gasoline prices; calculated as the geometric mean of the evolution of the average max price of Euro95 from 1990 till 2010, data available from www.petrolfed.be

	CGPRS
	120€/yr
	Annual average cost of subscription for general packet radio service transfer traffic for BEVs according to 4 Belgian companies

	Cmon
	480€/yr
	Annual average cost of data monitoring for BEVs according to 4 Belgian companies



Magnitude limited investment resource and technology sizes
The limited investment resource is to be determined according to the investor’s preferences. The SME had envisioned a budget of €157,474 to invest in clean technologies. Hence, according to Eq.1, we note that .
Based on Eq. 2, we compute the size of the PV installation. We take into account economies of scale and the impact of policy measures; i.e. due to the fact that large PV installations can possibly overload the grid, legislation imposes the installation of a meter, a decoupling box, and a grid study. The numerical values of the PV and grid unit costs can be found in Table 1. The only feasible solution given the budgetary constraint implies an initial PV unit cost of €4,000/kWp. Accordingly, the size of the individual PV installation is 39.37kWp. The determination of the “size” of the BEVs, that is the number of BEVs, is more complex, as the lifetime of the BEVs (nBEV = 5 yr) differs from the lifetime of the PV installation (nPV = 25yr). Moreover, the investment in BEVs needs to be “rolled over” 5 times within the longer lifetime of the PV installation (Eq. 3). Hence, the initial unit cost of the BEVs directly compared to that of the ICEVs is calculated according to Eq. 4 and totals €40,608.07 per vehicle. We find that the number of battery electric vehicles to invest in equals 3.88. This means that the project starts with 3.88 BEVs that are replaced 5 times every 5 years, totaling a project lifetime of 25 years. We recognize that in reality, one cannot purchase 3.88 vehicles, nor any other number of vehicles that includes decimals. As the main aim of our model is developing a method to systematically calculate and compare the economic payoff of joint technologies with the payoff of their individual counterparts, we do not consider this to be a major hurdle in our approach. The consideration of integer numbers for technological units requires integer programming techniques. This is an interesting point for further research to incorporate in an extended version of this model.
The size of the combined technology is calculated according to Eq. 5. In this case, the constant c1 characterizes the relationship amongst the size of the solar installation and the number of BEVs to be powered using this installation. The required travel distance Dt equals 17,120km per vehicle per year, i.e. the travel distance of the displaced ICEVs (Table 1). Hence, the constant c1 in our case equals 3.833kWp/vehicle. The unit cost of PV (BEVs) as compared to the grid (ICEVs) is calculated analogously to the procedure described for individual technologies, though the technology unit costs within this joint technology cannot be assumed to equal the unit cost of the individual technologies. By solving the system of equations based on the value of c1 and the other numbers in Table 1, we find that the only feasible solution infers a PV unit cost of €3,100/kWp, a BEV unit cost of €29,403/veh, and an ICEV unit cost of €16,487. The according technology sizes are 11.5kWp PV power and 3 BEVs (that are replaced 5 times every 5 years).
Economic payoff of investment options
The economic payoff is measured using the NPV in Eq. 6 and Eq. 9 listed above. Benefits of the solar installation include tradable green certificates (TGC) and the local PV subsidy (SUBSlocal) received. Besides the unit cost of the installation (UCPV), also the costs of maintenance (MaCPV) and insurance (INSCPV) are accounted for. Note that an elevated investment deduction (EID) is granted for the investment of the installation. The solar electricity would replace the same amount of grid electricity so the cost of purchasing electricity from the grid (Pelectr) is avoided. The only benefit provided for the vehicles is the ecology subsidy (SUBS). Costs to be paid for the vehicles are unit costs (UC), annual traffic taxes (Tn), one off vehicle registration taxes (T0), maintenance costs (MaC), the cost of general packet radio service (CGPRS) and monitoring (Cmon) and fuel costs (Pelectr, Pgasol). Note that BEVs benefit from a higher tax deduction percentage (Td%) than ICEVs. For the current case, we find a NPV for the solar installation (NPVPV-grid) of €59,828; the NPV of the grid powered battery electric vehicles (NPVBEV-ICEV) equals €68,209, and the NPV of the solar powered BEVs (NPVsolarBEV-ICEV) totals €69,672. In Figure 3 we show how these results differ for varying electricity prices. The economic payoff of the solar installation increases with rising grid electricity prices. Conversely, the payoff of the BEVs decreases with increasing electricity prices. The payoff of the joint technology is independent of the electricity price, given that the generated PV electricity is fed into the grid, and used to charge the BEVs afterwards. As legislation in Belgium imposes a “backwards going meter”, that is the SME’s electricity meter adds up when electricity is taken from the grid and it deducts the electricity that is fed into the grid, this implies a zero operation.
To determine the sensitivity of the results, a Monte Carlo sensitivity analysis is conducted in which we vary the input data assuming a minimum (maximum) deviation of -10% (+10%) of the assumed parameter values in Table 1. Results are presented in Table 2. The most important variables to determine the profitability of the investment options in our analysis are the unit costs of the PV installation (UCPV) and the vehicles (UCBEV, UCICEV), the value of the tradable green certificates (TGC), the price of gasoline (Pgasol) and the electricity price (Pelectr). In Table 3 we have calculated the according net present values for the company for the different investment options in 2009, 2012, and 2014. Note that the investment in solar panels for the SME in 2014 is profitable, despite the fact that tradable green certificates are no longer provided. This is mainly due to the fact that PV initial unit costs have fallen significantly in recent years. Nonetheless, the optimal timing to invest in solar panels was the year 2012, in which the subsidies were very generous compared to the decreasing costs of the solar installation. Since 2009 the economic attractiveness of battery electric vehicles is increasing as their initial purchase costs are falling rapidly. 
Benefits of combined technologies (BOCT)
BOCT are now assessed according to Eq. 11, as the difference between the NPV of the combined technology minus the maximum of the NPV of the individual technologies. In the current case, we calculate the BOCT as the difference between the NPVsolarBEV-ICEV and the NPVBEV-ICEV, which equals €1,463. The economic payoffs in function of the electricity price given the situation in Belgium on January 2011 are visualized in Figure 3. For low electricity prices (<€0.12/kWh) it is most profitable to invest in BEVs, that can be charged with low cost electricity. When the price of electricity rises (>€0.13/kWh) investment in exclusively PV becomes most attractive, due to a higher avoided cost of electricity. In all other cases, it is more profitable to invest in the combination of both technologies (upper part Figure 3). More precisely, BOCT are present at electricity prices between 0.112 and €0.134/kWh (bottom part Figure 3). In Table 2 and 3 we demonstrate how the BOCT vary with varying input parameters. In 2009, the benefit of the combined technology was equal to €1,470, while this combined technology benefit is no longer existent in 2014. Note that the proposed methodology aims to compare the profitability of different investment options, yet the presence of BOCT is not guaranteed.
Table 2 Sensitivity analysis (Results for the SME in 2012)
	
	NPVPV-grid
	
	NPVBEV-ICEV
	
	NPVsolarBEV-ICEV
	BOCT

	Base case
	59,828
	
	68,209
	
	69,672
	
	1,463

	Minimum
	32,389
	
	21,072
	
	26,617
	
	/

	Maximum
	90,303
	
	115,331
	
	106,865
	
	/

	Sensitivity with respect to…
	UCPV 
	-37.1%
	UCBEV
	-54.0%
	UCBEV
	-52.2%
	

	
	TGC
	33.3%
	UCICEV
	25.2%
	UCICEV
	24.3%
	

	
	Pelectr
	16.1%
	Pgasol
	14.9%
	Pgasol
	13.9%
	



Table 3 Results for the SME in 2009, 2012, and 2014
	Year
	2009
	2012
	2014

	Input parameter values

	UCPV (€/Wp)
	5 - 6.4
	3.1 – 4
	1.1 - 1.3

	TGC (€/kWh)
	0.45
	0.33
	0

	UCBEV (€)
	31.450
	29,403
	25,221

	UCICEV (€)
	17.089
	16,487
	16,190

	Pgasol (€/l)
	1.16
	1.5
	1.47

	Pelectr (€/kWh)
	0.129
	0.120
	0.115

	Results 

	NPVPV-grid (€)
	35,001
	59,828
	28,810

	NPVBEV-ICEV (€)
	29,961
	68,209
	95,307

	NPVsolarBEV-ICEV (€)
	36,471
	69,672
	76,025

	BOCT (€)
	1,470
	1,463
	/



Rationalization behind BOCT
We recall from section 2.4 that per definition, the parameters p that determine the difference between the joint payoff of the combined technology and the relative linear combination of the payoffs of the individual technologies are the parameters that are responsible for BOCT (Eq. 12). We see from Table 1 that our case study contains several parameters p that cause nonlinearities when combining different technologies: (i) PV unit cost; when a PV installation in Belgium exceeds 11.5kWp, legislation requires the performance of a grid study and installation of both a meter and a decoupling box due to the fact that large PV installations may have a significant impact on the electricity grid. These additional measures bring about extra costs. Further, as long as the total installed power is smaller than about 70kWp, economies of scale might not be sufficient to spread out this additional cost. In our studied case, this leads to a significant advantage for the combined technology, as its limited size does not impose additional unit costs; (ii) local PV subsidy; this subsidy does not vary linearly with the installed capacity, as in both cases the maximum subsidy of €1,000 can be obtained. This implies an advantage for the combined technology, as the same solar subsidy is received for a smaller installation; (iii) costs of general packet radio service and (iv) monitoring cost; these do not vary proportionally with the number of vehicles. This is slightly disadvantageous for the combined technology, as the same amount of costs needs to be paid for less vehicles; (v) tax benefit on the electricity cost; a tax benefit can be obtained on the cost of electricity when charging the electric vehicle with electricity purchased from the grid, while a tax benefit cannot be obtained when charging the electric vehicle with the PV generated electricity. This leads to a small disadvantage for the combined technology. The net effect of the five nonlinear parameters listed above implies an advantage for the combined technology and hence determines the presence of the combined technology benefits. Note that in the studied case, the unit cost of PV is the most important parameter in determining the presence of BOCT. This advantage for the combined technology is partially offset by the missed opportunity to obtain tax benefits when charging the electric vehicles with solar electricity. The other nonlinear variables -the cost of general packet radio service, the monitoring cost, and the local PV subsidy- are actually negligible in this case.
CONCLUSION
This research is the first to provide a method to calculate and compare the economic payoff of individual complementary technologies with the payoff of their integrated combination, under budgetary limits. The developed model exemplifies an ex ante CBA developed for business and non-governmental use. It is a partial equilibrium model that focuses on the equilibrium point of an investor, maximizing the investor’s payoff subject to a given set of economic situations. While this model is sufficient from the viewpoint of an investor, for policy makers a general equilibrium model is required. The model is applicable to perform an economic assessment of any combination of complementary technologies, yet the existence of economic synergies or “benefits of combined technologies” (BOCT) is not guaranteed. Analogously to economies of scope, the existence of BOCT has to be verified for each combination of complementary technologies. The presence of BOCT depends on the policy measures provided for each technology, on the characteristics of the technology itself, and on the market conditions that may cause nonlinearities when combining technologies. 
The method is illustrated with a case of solar PV and battery electric vehicles for a small Belgian company. It is found that economic BOCT or synergies are present for electricity prices between €0.112/kWh and €0.134/kWh. Hence, the company which currently pays €0.12/kWh for its electricity gains the most by investing in the combination of both technologies. The additional profit in this case amounts to €1,463. A Monte Carlo sensitivity analysis demonstrates how these results vary with changes in the key parameter values, which can be uncertain and time reliant. While economic BOCT are present at several scenarios, it is not clear to what extent this combined technology impacts emission reduction. To this end, the environmental life cycle impact should be assessed. These results need to be evaluated simultaneously with the results of the economic computational model. This calls for a multi objective optimization approach, which is an interesting topic for further investigation.
solarBEV-ICEV
BEV-ICEV
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[bookmark: _Ref301439502][bookmark: _Ref301439496]Figure 3 Comparison of the net present values of solar PV displacing grid electricity (NPVPV-grid), of battery electric vehicles displacing internal combustion engine vehicles (NPVBEV-ICEV), and of solar BEVs displacing ICEVs (NPVsolar BEV-ICEV) in function of the electricity price, assuming an initial investment capital of 157,474€. Situation in 2012: TGC 0.33€/kWh, gasoline price 1.50€/l 
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