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Before citing this technical report, please visit our website (https:
//www.gerad.ca/en/papers/G-2019-09) to update your reference
data, if it has been published in a scientific journal.

La publication de ces rapports de recherche est rendue possible grâce
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Sébastien Le Digabel a,b
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The authors are exclusively responsible for the content of their re-
search papers published in the series Les Cahiers du GERAD. Copy-
right and moral rights for the publications are retained by the authors
and the users must commit themselves to recognize and abide the
legal requirements associated with these rights. Thus, users:
• May download and print one copy of any publication from the

public portal for the purpose of private study or research;

• May not further distribute the material or use it for any profit-
making activity or commercial gain;

• May freely distribute the URL identifying the publication.
If you believe that this document breaches copyright please contact us
providing details, and we will remove access to the work immediately
and investigate your claim.



ii G–2019–09 Les Cahiers du GERAD

Abstract: Smart homes have the potential to achieve efficient energy consumption: households can
profit from appropriately scheduled consumption. By 2020, 35% of all households in North America
and 20% in Europe are expected to become smart homes Johan Fagerberg (2015). Developing a smart
home requires considerable investment, and the householders expect a positive return. In this context,
we address the following question: what and/or when equipment should be bought for a specific
site to gain a positive return on the investment? We propose a framework to guide the smart-home
transition considering customized electricity usage. The framework is based on linear models and
gives a payback analysis of each combination of equipment acquisition for a specific user. The results
quantify the dependence of the payback on the site and the application.

Keywords: Smart Home, energy management system, payback, return on investment.
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1 Introduction

With the growth of smart grids worldwide El-hawary (2014); Fadaeenejad et al. (2014) and the in-

creased use of demand-response pricing mechanisms in the residential sector, the number of smart

homes is expected to increase significantly. Governments support this trend for two reasons. First,

distributed generation by smart homes allows investment in the grid infrastructure to be postponed.

Second, the environmental impact is reduced if local renewable generation is used. Smart home owners

may be interested in making a profit (or at least reducing their electricity bill) or maintaining a certain

level of comfort via the scheduling of appliances De Souza Dutra et al. (2019).

Householders need to know the payback of the investment in smart-home transition, and the

analysis should take into account the future value of money. We define smart-home components (SHCs)

to be the appliances, machines, and technologies available for smart homes, such as photovoltaic panels

(PVs), wind turbines (WTs), combined heating and power (CHP), energy storage systems (ESSs),

water heaters (WHs), electric vehicles (EVs), heating, ventilation, and air-conditioning (HVAC), and

solar collectors (SCs).

Our main contributions are that we create a general framework that gives a payback analysis of

each SHC combination for a specific user, and we investigate whether there is a synergistic effect in

the payback and the return on investment.

The remainder of this paper is organized as follows. Section 2 presents related work, and Section 3

presents our framework. Section 4 discusses the mathematical model, which is based on De Souza Dutra

et al. (2019), and gives computational results. Section 5 provides concluding remarks.

2 Related work

To the best of our knowledge, a general framework that provides a payback analysis of each possible

SHC acquisition combination for a specific user is not yet available.

Xu et al. (2012) propose a scheduling model that finds the best combination and the optimal

capacities of batteries, water tanks, and ice/heat storage units under time-of-use electricity prices.

They consider PV, SC, WH, CHP, and HVAC as well as these storage devices. Their mixed-integer

linear program (MILP) minimizes the total cost of electricity, natural gas, and the investment cost

of the storage devices. For each of the three cities considered, the authors compare a solution from

a deterministic scenario with solutions that consider the solar radiation and demand profiles to be

uncertain. Their tree method considers the expected cost in all scenarios jointly. The costs are

minimized and projected over a one-year horizon. The results show that thermal storage units and

water tanks are profitable, but batteries have short lifetimes and high investment costs.

van der Stelt et al. (2018) present a techno-economic analysis of household batteries and community

energy storage, i.e., an ESS shared by several houses, for residential prosumers with smart appliances.

Using real demand and PV generation data from 39 households in the Netherlands, the authors cal-

culate the levelized costs of energy and the payback period for the ESS systems. Shiftable appliances

are also considered. They formulate an MILP that minimizes the cost of energy acquisition from the

grid. They assume that the user can inject electricity into the grid but without remuneration. The

horizon is one year. They find that the savings are too small to recover the investment costs within

the lifetime of the systems: the payback ranges from 26 to 43 years.

Akinyele and Rayudu (2014) present a comprehensive review of energy storage technologies with

their technological development status and capital costs. They show a high cost (500–2500 $/kWh)

for lithium-ion batteries.

Monyei et al. (2018) propose a biased load manager home energy management system for low-cost

residential buildings using the Matlab simulation environment. A case study in Naira (Nigeria) shows

that the payback is between 8.4 and 25 years.
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Barbieri et al. (2012a) study the profitability of µ-CHP systems for residential buildings. They

show that the Stirling engine has the best performance, with payback of 7 and 14 years if prices are

respectively 3000 and 6000 kW. They build a simulation model in Excel in which there is a scheduling

optimization problem for a µ-CHP component that is solved by a genetic algorithm.

Asaee et al. (2015) investigate, in a Canadian context, the energy system, greenhouse gas (GHG)

emissions, and economic performance of a co-generation system based on an internal combustion engine

(ICE). The analysis is based on the whole building through simulation with the ESP-r software. As

the capital cost estimation was not available, the measure used was the tolerable capital cost. The

results showed that the ICE is cost-effective.

Barbieri et al. (2012b) conclude, in 2012 for the UK, that the absence of subsidies and, in particular,

a reduction in taxes on natural gas did not make certain µ-CHP technologies attractive. Later, Conroy

et al. (2014) studied a Stirling engine in the UK, comparing the economic performance and the GHG

of the µ-CHP against a condensing gas boiler. They found that the payback is 13.8 years higher than

that for the boiler. Their study was based on field trial data for June 2004 to July 2005.

In the UK context, Merkel et al. (2015) propose a scheduling MILP to minimize the total annual

cost. While the µ-CHP is more detailed, the thermal storage is represented by a temporal balancing

equation and the boiler has power-limit constraints. They use three weeks per season with a scaling

factor to represent a year. They find that the payback for a system with boilers and µ-CHP is not

economical in three of the five buildings. For the other two buildings, the paybacks are 18.6 and 19.2

years. With thermal storage and µ-CHP, the system is profitable for all five buildings, with a payback

between 13.1 and 17.3 years.

Six et al. (2009) study market opportunities for µ-CHP in Flanders using simulation with TRNSYS.

The results show that the payback is greater than the life-span of the project.

Dufo-López et al. (2009) present an hourly management method for energy generated in grid-

connected wind farms using battery storage (wind–battery systems) and hydrogen (wind–hydrogen

system); these are analyzed technically and economically. They calculate the investment cost and

discounted present values for large systems (2.5 MW for WT and 2 MWh for batteries). They perform

a simulation over one year with the GRHYSO software to represent the system life-span of 20 years.

They find that when the electricity selling price is higher than the market average, a system composed

of batteries and WTs is more cost-effective than wind-only systems.

Akter et al. (2017) present an Australian case: they propose a framework that assesses a battery
system with PVs. The results show that the payback and net present value (NPV) of this system are

worse than those for systems with PVs only. PVs are found to be profitable in on-grid systems but

unprofitable in off-grid systems because of the waste of energy, after a threshold of installed capacity.

The authors consider different tariffs and reductions in CO2 emissions, using simulation to explore the

scenarios for a project with a life-span of 25 years.

Cherrington et al. (2013) perform a financial analysis of two installations in Cornwall (UK) to

determine the impact of different feed-in tariffs (FITs) in a PV system with a capacity around 2 kW.

The capital cost is £11000. Given annual inflation of 8%, a grid injection limit from PV generation

of 50%, an annual efficiency loss, and an annual reduction in the total installation cost, the authors

find paybacks in the range of 9–12 years and net profit in the range of £14400–32543. However, a

similar study Pillai et al. (2014) that considers a PV of 3 kW with the same capital cost and annual

inflation of 6% shows that PV without FIT is not profitable in 17 of 20 British cities. With FIT and

a grid injection limit from PV generation of 50%, in all 20 cities the PV capital cost is decreased by

£1000–7000. The authors perform a simulation using the PVSyst software in which the PV generation

profiles are estimated by the average of twelve PV hourly outputs.

Aagreh and Al-Ghzawi (2013) present a feasibility analysis for a small hotel of combinations of PV,

WT, an off-grid system with a battery, and an on-grid system. They perform a simulation with the

HOMER software for a 25-year horizon. In the on-grid case, when the price for selling electricity back
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to the grid is null, the payback for the PV system exceeds the life-span. When the selling price is half

of the market price, PVs become profitable for small capacities. WT systems without batteries and

PVs are profitable (see Tables 2 and 3 of Aagreh and Al-Ghzawi (2013)) for the cases considered. The

paybacks for system with batteries are not given.

Mamouri and Bénard (2018) present an evaluation of solar water heaters in 26 dispersed locations

in Michigan for an average life-span of 20 years. They use the System Advisor Model simulation

software and find a payback between 8.1 and 9.3 years.

Xie et al. (2017) study a detailed house design using the SketchUp modeling software. They

analyze the payback for PVs, SC, a hybrid of PV and thermal panels (PVT), heat pumps, phase-

changing materials, and µ-CHP systems. The results show paybacks of at least 6.5, 13, and 11 years

for WH, µ-CHP, and PVs/PVT, respectively.

To the best of our knowledge, there are no studies of EV payback in the context of smart homes.

However, a comprehensive ownership cost model to calculate the costs of purchase and use has been

developed Al-Alawi and Bradley (2013).

The literature has focused on payback for isolated or specific sets of SHC. The results suggest that

each system will have its own payback. However, current research does not explore SHC acquisition for

a specific user. As mentioned in Akinyele and Rayudu (2014), the benchmarking costs of ESS depend

on the application and the site. We assume that every system depends on the application, in our case,

a specific consumption pattern. The goal is a tool to assist householders in their decisions about the

transition to a smart home. Our work is related to Xu et al. (2012) and van der Stelt et al. (2018)

since we too use optimization methods.

3 Framework

Our framework is illustrated in Figure 1: the ellipses represent optimization problems and the rectan-

gles represent results.

Figure 1: Proposed framework.

Let SHC− be the set of SHC that are not already available at the house. Our goal is to calculate the

payback and the return on investment of every combination in SHC−. The first step is to determine

the compromise between cost and comfort level. These are conflicting objectives, and there are multiple

Pareto-optimal solutions. Hence, multi-objective optimization (MOO) Deb et al. (2002) can be applied

to obtain an approximate Pareto front (APF) of this trade-off.
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A detailed model has been presented De Souza Dutra et al. (2019) to find an optimal trade-off

between cost and comfort by minimizing a weighted sum of the two objectives. We can adapt it to the

APF approach. The model schedules the energy consumption for one day in T time intervals with a

fixed length of ∆t. The appliances are grouped as follows:

• A: set of electrical appliances.

• AIEUI ⊆ A: set of appliances with uninterruptible operation.

• At
IEUI : set of tasks for appliances a ∈ AIEUI .

• APhases ⊆ A: set of appliances with interruptible phases.

• At
Phases: set of tasks for appliances a ∈ APhases.

• At = {At
Phases ∪At

IEUI}: set of tasks for appliances a ∈ A.

The objective function is a weighted sum of three functions:

min
Ξ

wcfc(Ξ) + wtft(Ξ) + wufu(Ξ), where:

• fc(Ξ) =
∑
t∈T

(
Ct + Ct

CHP

)
+ Cev,

• ft(Ξ) =
∑
t∈T

∑
a∈A

V t
a ,

• fu(Ξ) = k1

∑
a∈At

phases

|PHa|∑
p=1

Ψa,p + k2

∑
a∈At

IEUI

ζa +
∑
t∈T

∑
a∈At

U t
a.

Ct is the cost at t ∈ T [$] of buying from and selling to the grid, Ct
CHP is the CHP operational cost at

t ∈ T [$], Cev is the fuel cost for a hybrid vehicle [$], V t
a is the discomfort related to the deviation from

the target temperature of appliance a at t ∈ T [oC], U t
a is the discomfort related to the usage-time

deviation from the target time for appliance a at t ∈ T [h], ζa is the discomfort related to the omission

of task a ∈ At
IEUI [h], and Ψa,p is the discomfort associated with the omission of phase p of task

a ∈ At
Phases[h].

We define the “Current House Problem” to be

min
Ξ

[fc(Ξ), fd(Ξ) = αtft(Ξ) + αufu(Ξ)] (1)

Ξ ∈ Constraints (2)

where αt [discomfort/oC] and αu [discomfort/h] are discomfort factors. The first step uses the above

model to compute an APF, which is shown in the first rectangle in Figure 1. The next step is to

select an efficient point on the APF. Suppose the decision-maker has selected a point with discomfort

level D′: see the red point in the second rectangle in Figure 1. Then, D′ is used in the constraint

Cd : fd(Ξ) ≤ D′. This is represented by the third rectangle.

For each subset c ⊆ SHC−, the framework solves the optimization problem SHPc with the con-

straint Cd and the constraint(s) for the components in c. The flow conservation constraint is modified

to consider the components from the current house in addition to the components of c. Suppose

SHC− = {PV,WH,EV} and ck = {EV,WH}. Then SHPck is

min
Ξ

fc(Ξ) (3)

fd(Ξ) ≤ D′ (4)

EV Constraints (5)

WH Constraints (6)

Ξ ∈ Constraints (7)

Objective function (3) is the same as (1). Constraint (4) ensures a maximum discomfort level D′.

Constraints (5) and (6) control the operation of the EV and WH, respectively. Finally, (7) are the

constraints from (2) with the flow conservation constraint adjusted to consider the EV and WH.
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Let Dp be the project duration, PayB the payback period, sslp the savings over the life-span, T I

the total investment, and IR the return on investment. The payback is calculated Akter et al. (2017)

as PayB = DpT I/sslp and IR = sslp − T I . If PayB is greater than the life-span then the project is

not cost-effective.

4 Results and discussion

We now apply our framework to three case studies. We consider an horizon of 25 years, and the

exchange rates used are 1 USD = 0.71 GBP, 1 USD = 1.27 CAD, and 1 USD = 3.3 BRL. The houses

have appliances with distinct daily tasks At, a fridge, a shower, and an HVAC system. We consider

houses in Belo Horizonte (BH), Brazil; London, U.K.; and Montreal, Canada.

For BH and London, we do not consider inflation; we assume that the customer wishes to acquire a

system now. We evaluate 1024 systems based on an annual savings approach: 365 days are optimized

and the sum of the daily savings gives the annual savings. The total saving for a specific project is the

product of the annual saving and the duration.

For Montreal, we consider inflation: the cost of the SHCs changes over time. We evaluate 64

systems. The optimization is applied daily from 2019 to 2080, covering projects starting between 2019

and 2055, since each has a duration of 25 years. If a project starts in January 2020, we sum the savings

of the next 365× 25 days to obtain the total savings. At the end, we want to discover what and when

the SHCs for a specific user in Montreal should be acquired such that it will be profitable.

For the appliances a ∈ AIEUI ∪ APhases, a dataset with real daily load profiles is available Kelly

and Knottenbelt (2015). We create a set of load profiles for each day of the week. In our optimization,

for each day of the week, we randomly select a load profile from the corresponding set.

4.1 BH case

The BH house does not have PV, Battery, WT, SC, WH, EV, or µ-CHP. We considered the SHC− =

{PV 3.5 kW, PV 6.5 kW, Battery 26 kWh, Battery 13 kWh, WT 3 kW, WT 7 kW, SC, WH, EV,

µ-CHP}. When similar components are in the same subset c ⊆ SHC−, we replace them by a new

component with a capacity equal to the sum of the capacities of these components. The house does not

have the infrastructurefor natural gas, so the ICE is set to µ-CHP. Table 1 summarizes the set SHC−.

The first column lists the element and the second column gives its brand and model. The third column

gives the warranty, which is considered to be the life-span, and the fourth and fifth columns give the

prices, in USD and BRL respectively. The sixth column gives the total price including installation cost.

Unless otherwise stated, we did not consider maintenance costs: when the warranty ends, the SHC is

replaced. The total daily distance (in km) for EVs is drawn from the uniform distribution U[0,70]. For

the solar radiation, we used the percentage of clouds for each month from Weatherspark.com, which

is shown in Figure 2. This avoids underestimating the solar radiation by assuming clear skies. The

other parameters are set as in De Souza Dutra et al. (2019).

4.1.1 APF results

We used the ε-constraint (Laumanns et al., 2006, Algorithm 1) to obtain an APF, which is shown

in Figure 3. The efficient solutions found in Figure 3 could be presented to the DM, but to aid the

selection process we used MDIPNW Clemente-Ćıscar et al. (2014) to select an efficient point with

coordinate (C’,D’). With this coordinate, we can create a constraint Cd to control the maximum level

of discomfort.
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Table 1: SHC summary for BH case.

SHC Brand and Model Life-span (years) Price (USD) Price (R$) Total Cost (R$)

PV 3.5 kW 14 × CS CS5P-250M 25a 14 × 225 GoGreenSolar 11781b 17671.50
Battery 26 kWh 2 × Tesla Powerwall 10 Tesla 12500 Tesla 41250b 61875
WT 3 kW 3 × Bergey Excel 1 kW 5a 3 × 4995c 49450.5b 74175.75
SC Coupled Tempersol TemperSol 5a 1400 TemperSol 2100
WH Rheem 80G 10 Rheem 1899 Rheem 6266.7b 9400.05
EV 2018 Nissan Leaf 5a 30000 Nissan (a) 120000 UOL 43500
µ-CHP Yanmar CP5WN-SNB 2a 3950 Hikari 5925
PV 6.5 kW 26 × CS CS5P-250M 25 a 26 × 225 GoGreenSolar 21879b 32818.5
Battery 13 kWh 1 Tesla Powerwall 10 Tesla 6600 Tesla 21780b 32670

WT 7 kW
Bergey Excel 1 kW +
Bergey Excel 6 kW

5a 10000c 330000b 49500

WT 10 kW Bergey Excel 10 kW 10 Bergey 31770c 104841b 104841

a: According to the manufacturers’s datasheet c: Given by the manufacturer
b: Value converted from USD to BRL CS: Canadian Solar

Figure 2: Percentage of time spent in each cloud cover band at BH, categorized by the percentage of the sky cov-
ered by clouds: clear < 20%; mostly clear < 40%; partly cloudy < 60%; mostly cloudy < 80%; overcast > 80%.
Source: Weatherspark.com.

Figure 3: APF and point selected to construct Cd.

4.1.2 Solving SHPc

For each subset c ⊆ SHC− defined in Section 4.1, we solved SHPc. The number of sets is 2n − 1

because c = ∅ represents the existing scenario, which was handled in the first step of the framework.

4.1.3 Payback and investment return

Since some SHCs have life-spans below 25 years, we increased the total cost in proportion. For instance,

the 3 kW WT has a life-span of five years, so we need five units to cover 25 years.

For each SHPc, we found the total investment by summing the total cost of each component of c,

as well as the payback and the return on investment. We used the formulas given in Section 3.
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4.1.4 BH results

Table 2 summarizes the cost-effective combinations. An interesting finding is the relationship between

the renewable generators. The expected synergy does not occur: the sum of their separate investment

returns (IRs) is greater than the combined IR.

Table 2: BH results.

Component Payback Return on investment
(years) (thousand R$)

PVs, 3.5 kW 7.57 40.632
PVs, 6.5 kW 8.59 62.656
PVs, 10 kW 9.13 87.784
WTs, 7 kW 19.58 68.489
WTs, 10 kW 22.60 41.809

SC 11.41 12.513

In this case, batteries are too expensive. Every set c with a battery has an IR lower than that

without a battery; sometimes the former value is negative. The price of a Tesla battery pack must

decrease to 223.5 USD to pay for itself without renewable generation. Systems composed of a battery

and renewable generation have a negative IR. In these systems, the price of a 26 kWh battery must

be 1650 USD to match the IR of a 3.5 kW PV system; 100 USD to match that of an SC system; and

1500 USD to match that of a 7 kW WT system.

The price of an EV must be at most 58073 R$ to be cost-effective. If the DM is going to buy a car

costing x R$, the price of an EV must be at most x+ 58073 R$. If we consider a life-span of 10 years

for EVs, the price must be at most 116140 R$.

For a more detailed EV investment analysis we calculate the NPV for two scenarios taking into

account the maintenance costs. In the first scenario, in the sixth year, after the warranty ends, R$ 1000

is allocated for maintenance and this cost is increased by R$ 300 in each subsequent year. The second

scenario is similar until the 14th year, when the EV is sold for R$ 20000 and a new one is bought.

The maintenance is then zero until the 21st year, when R$ 1000 is allocated; this cost is increased by

R$ 300 in each subsequent year. The NPV is

NPV =

T∑
t=1

Ct

(1 + r)t
− Co (8)

where T is the number of time periods, Ct is the net cash inflow during period t, Co is the total

initial investment cost, and r is the discount rate. An investment with a negative NPV will result in

a net loss. In our scenarios, we fixed the NPV to zero to find r. A project is feasible if the internal

rate of return (IRR) is greater than r. For the first scenario, the NPV is zero with an IRR of 6.03%,

and for the second scenario, the NPV is zero with an IRR of 2.96%. These IRR are lower than

those for conservative investments such as the Brazilian Treasury Prefixed Fund (Tesouro Prefixado

2029 ) Ministério da Fazenda, which offers r = 11.98% annually. Thus, EVs are not cost-effective.

SC is a better option for water heating because a) WH systems, or b) WH and SC systems, or c)

µ-CHP, WH, and SC systems are not cost-effective. µ-CHP is not cost-effective even if its price is

halved because of its short life-span; it starts to be profitable if its life-span increases to 13 years.

However, the payback could be interesting if a µ-CHP powered by natural gas were available. In an

industrial context, Landini and de Mello Sant’Ana (2016) showed a discounted payback in less than

five years for a µ-CHP powered by natural gas in a city near BH.

For this customer, the set {10 kW PV,SC, 7 kW WT} gives the best IR (141.282 thousand R$)

with a payback in 17.14 years. The set {3.5 kW PV} has the smallest positive payback.
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4.2 London case

We consider the same SHC− as for BH. The acquisition price per kWh is that for the tariff HomeEnergy

Fix Mar 2019, from British Gas. The time of use has two stages: £0.175 from 7:00 a.m. to 10:59

p.m. and £0.0912 otherwise UKPower.co.uk; British Gas. The selling price per kWh is set to £0.0524

following the FIT export tariff in Ofgem. The price of natural gas is £0.0361/kWh from the tariff

Safeguard PAYG British Gas. The fuel price is set to the average diesel price in April 2018 Petrolprices:

£1.25/L. The ground temperature was obtained from WeatherOnline, and the house’s heat resistance

is based on (Wang et al., 2009, Table 2). The Weibull parameter for wind speed is taken from (Hawkins,

2012, Table 8.5 - London Array I). The nominal power of 5 kW for HVAC is considered to be at least

50% of the measuring heating capacity from GreenMatch. The total daily distance (in km) for EVs is

drawn from the uniform distribution U[0,70]. The parameters for the economic analysis are given in

Table 3. It is similar to Table 1, but some elements in the column “Price (£)” include the total cost of

equipment and installation. Other costs are added in the column “Total Cost (£).” Unless otherwise

stated, we do not consider maintenance costs: when the warranty ends, the SHC is replaced. For the

solar radiation, we used the percentage of clouds for each month from Weatherspark.com, which is

shown in Figure 4. The other parameters are set as in De Souza Dutra et al. (2019).

Table 3: SHC summary for London case.

SHC Brand and Model Life-span (years) Price (USD) Price (£) Total Cost (£)

PV 3.5 kW CS CS5P-250M 25a 5906.25 Renewable Energy Hub (a) 5906.25
Battery 26 kWh 2 × Tesla Powerwall 10 Tesla 12500 Tesla 8875b∗ 13312.50
WT 3 kW 3 × Bergey Excel 1 kW 5a 15000 Renewable Energy Hub (b) 15000.00
SC Pure Energy 16 15a 4500 Renewable Energy Hub (c) 4500.00

WH
Megaflo Eco Unvented
Indirect 300L

2a 1319.5∗ e-tradecounter 1979.25

EV 2018 Nissan Leaf 5a 21990 Nissan (b) 21990.00
µ-CHP BlueGen 10a 15500∗ Renewable Energy Hub (d) 23250.00
PV 6.5 kW CS CS5P-250M 25a 10968.75 Renewable Energy Hub (a) 10968.75
Battery 13 kWh 1 Tesla Powerwall 10 Tesla 6600 Tesla 4686b∗ 7029.00

WT 7 kW
Bergey Excel 1 kW +
Bergey Excel 6 kW

5a 36000d 36000.00

WT 10 kW Bergey Excel 10 kW 10 Bergey 31770c 22556.7b∗ 33835.05

a: According to the manufacturers’s datasheet CS: Canadian Solar
b: Value converted from USD to GBP *: Does not include installation cost
c: Given by the manufacturer
d: Sum of 1 WT 1 kW and 1 WT 6 kW from Renewable Energy Hub (b)

Figure 4: Percentage of time spent in each cloud cover band at London. Source: Weatherspark.com.

4.2.1 London results

Table 4 summarizes the cost-effective combinations. PVs have a payback inversely proportional to the

nominal power, and the best IR is for the medium size. Our estimates are worse than Cherrington

et al. (2013) and better than Pillai et al. (2014). Compared with Cherrington et al. (2013), our payback

is larger by 5–7 years, and the IR is lower by £12–30 k for the 3.5 kW PV. An important difference

between our study and Cherrington et al. (2013) is that we do not consider annual inflation of 8%. For
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a payback of 12 years in our study, the total savings over 25 years increase to £1500, which happens if

electricity increases by 8% annually. For Pillai et al. (2014), in London, a 3 kW PV system with FIT

has to cost at most £5 k to be self-sustaining. In our case, if the 3.5 kW PV costs £8.6 k, it will still

have a positive IR. A difference between our approach and that in Pillai et al. (2014) is that we use a

detailed optimization method over a whole year. Thus, the PV energy will be used in an optimal way,

which can reduce the payback.

Table 4: London results.

Component Payback Return on investment
(years) (thousand R$)

PVs, 3.5 kW 17.30 2.789
PVs, 6.5 kW 18.72 3.619
PVs, 10 kW 22.01 2.241
WTs, 10 kW 9.09 98.676

SC would not be cost-effective even if its life-span were 25 years. If its price drops to £2065, it

starts to be profitable. A two-year life-span for WH makes it a costly option. It must increase its

life-span to 14 years or decrease its price to £192 to become cost-effective.

Only the 10 kW WT has a positive IR. For an annual mean wind speed above 7 m/s, since our

10 kW WT has a cost of £5640/kW, this result is in line with (Sunderland et al., 2016, Table 13) that

specifies a viable initial cost below £7548/kW for the generation capacity.

As for BH, batteries are too expensive. Lower battery capacities have lower losses. For the system

with a 10 kW WT and a 13 kWh battery, the battery cost must decrease to 1000 USD to match the

IR of the corresponding system without a battery. With the exception of systems with a 10 kW WT,

every system composed of ESS and PVs or ESS and SC has a negative IR.

Although batteries are not profitable, EV is cost-effective if the life-span is 10 years: the payback

is 23.81 years with an IR of £2.731 k. Taking into account the UK plug-in grant Gov.UK of £4500,

the payback drops to 18.94 years with an IR of £13.981 k.

BlueGen is unprofitable: the payback is 83 years. It remains unprofitable if the life-span of this

µ-CHP increases to 25 years. However, with a life-span of 25 years and the same costs as in Merkel

et al. (2015), the payback is 17.52 years, which is in line with the results of Merkel et al. (2015). Given

the FIT tariff of £0.1454 in June 2018 for CHP Ofgem, BlueGen is profitable (17.91 years and £22.84

k). If an ICE were used, such as the one in Table 1, the µ-CHP would never be profitable.

The best payback is for {10 kW WT}. With the plug-in grant and an EV lifespan of 10 years, the

best set becomes {10 kW WT, EV} (11.34 years and £120.558 k).

4.3 Montreal case

In Montreal, it is generally believed that PV is not profitable because of the low price of electricity.

The appliances that are not currently available are PV, EV, battery, and SC. Thus, the set SHC−

is composed of PV 3.5 kW, Battery 26 kWh, SC, EV, PV 6.5 kW, and Battery 13 kWh. Although

Montreal is cold for almost half of the year, SC is used Transitionenergetique. CHP is discouraged by

governmental programs for GHG reductions; even natural gas is considered undesirable La Presse.

The acquisition price per kWh is given in Hydro-Québec (2018). Beyond a fixed price for electricity

availability, the tariff can be seen as an inclining block rate (IBR) with two blocks: $0.0591/kWh if

the consumption is below 36 kWh per day and $0.0912/kWh otherwise. To represent this, we consider

a block with a capacity of 36 kWh and a discount of 35% that can be completely used. Note that the

utility does not pay for electricity injected into the grid but gives the customer a credit in kWh that

is valid for two years. We consider this to be equivalent to the utility buying electricity at the selling

price, but we assume that the compensation can be applied after two years.
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The fuel prices are set to the average diesel price in April 2018 Gas Buddy: 1.40 CAD. The nominal

power for HVAC is set to 5 kW. The ground temperature is assumed to be between 5oC and 10oC,

following (Self et al., 2013, Figure 12). The house’s heat resistance is taken from sections 34 and 37

of Quebec’s Regulation Respecting Energy Conservation in New Buildings. The total daily distance

(in km) for EVs is drawn from the uniform distribution U[0,70]. The other parameters are set as

in De Souza Dutra et al. (2019).

According to Hydro-Quebec Hydro-Quebec, electricity prices follow the consumer price index (CPI),

which varies between 0.5% and 3% annually for 1997 to 2017 Institut de l’statistique du Québec. Ran

et al. (Fu et al., 2018, page 23) show that from 2010 to 2017 there was a 61% reduction in the residential

PV system cost benchmark and from 2016 to 2017 there was a 6% reduction. We assume that PV prices

fall by 6% per year, but, to take into account the effect of learning curves Peinado and Graeml (2007),

the percentage is multiplied by 0.98 at the beginning of each year to give a more conservative decrease.

Following (International Energy Agency, 2016, page 12), we considered a decreasing cost of 10.3% per

year for batteries; this is multiplied by 0.9 each year to give a more conservative decrease. The same

value is used for the decreasing cost of EVs, since batteries are considered a key component in terms

of overall cost and performance Element Energy Limited (2012). SC technologies are already well

developed and can be bought at low prices Raisul Islam et al. (2013), so we did not apply an annually

decreasing cost. The parameters for the economic analysis are given in Table 5. The installation costs,

a component of the Total Cost, were provided by local suppliers.

Table 5: SHC summary for Montreal case.

SHC Brand and Model Life-span (years) Price (USD) Price (CAD) Total Cost (CAD)

PV 3.5 kW 14 × CS CS5P-250M 25a 14 × 225 GoGreenSolar 4533.9b 10881.3
Battery 26 kWh 2 × Tesla Powerwall 10 Tesla 12500 Tesla 15875b 23812.50
SC Heliodyne GOBI 408-001 10a 1070.99 Ressupply.com 1360.16b 2040.24
EV 2018 Nissan Leaf 5a 30000 Nissan (a) 38100b 38100
PV 6.5 kW 26 × CS CS5P-250M 25a 26 × 225 GoGreenSolar 8420.1b 20208.24
Battery 13 kWh 1 Tesla Powerwall 10 Tesla 6600 Tesla 8382b 12573

a: According to the manufacturers’s datasheet
b: Value converted from USD to CAD CS: Canadian Solar

4.3.1 Montreal results

For the solar radiation, we considered the percentage of clouds for each month Weatherspark.com,

which is shown in Figure 5.

Figure 5: Percentage of time spent in each cloud cover band at Montreal. Source: Weatherspark.com.

The annual savings for some subsets c ⊆ SHC− are shown in Figure 6. The total savings, for

the duration of the project, are given in Figure 7. For example, in Figure 6, each year from 2019 to

2079 has an annual saving for each component. For instance, the 3.5 kW PV has an annual saving of

$297 in 2019, increasing to $381 in 2079. There is no significant difference between 13 kW and 26 kW

batteries.
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Figure 6: Annual saving ($) for some c ⊆ SHC−.

Figure 7: Total savings ($) from the year that project starts for some c ⊆ SHC−.

Figure 8 shows the payback for the 3.5 kW PV. In Figures 8 to 12 the x axis gives the start year for

the project and the y axis gives the payback in years. The dashed red line indicates the life-span of 25

years. We have three possible scenarios for inflation. If it is 3% for 25 years after the installation year

(2019), the expected payback is around 24 years. If it is 0.5% for 25 years after 2024, the payback is

25 years. If it is between 0.5% and 3%, the 3.5 kW PV will have a payback below its life-span between

2019 and 2024. An upper bound (UB) on the start of the project is 2024, since the system starts to

be cost-effective for the most conservative value of inflation. A lower bound (LB) is 2019 since the

system is cost-effective for 3% inflation.

For a 6.5 kW PV system, the LB is 2019 and the UB is 2025. For a PV 10 kW PV, the LB is 2020

and the UB is 2025.

The SC system will not be profitable until 2028, as shown in Figure 9. With 1.75% inflation,

the payback is 38 years if the project starts in 2019. A similar system had a payback above 75

years Hydro-Québec (2012). In our work, the heat-transfer fluid is a closed loop of water with self-

draining. In Hydro-Québec (2012), it is a glycol-based coolant with a circulation pump. Our system

is around three times less expensive than the glycol-based one, which explains the difference in the

payback results.

Batteries are not used since there is a flat tariff so they are not cost-effective. EV is cost-effective

after 2037: see Figure 10. The EV payback increases with the price of electricity. This is because the

main source of savings is the replacement of fuel by electricity.
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Figure 8: Payback for 3.5 kW PV in Montreal.

Figure 9: Payback for SC in Montreal.

If the EV life-span is 10 years, the payback is positive after 2021; see Figure 11. If we include

the purchase rebate of $8000 from the Drive Electric program of the Quebec government Transition

énergétique Québec, the EV payback occurs between 2028 and 2031.

To summarize, in a scenario with higher inflation, the best option is to install a PV system in

2019–2020 and to use an EV after 2028 if the life-span is 5 years. Under conservative inflation, the

best option is to install a PV system in 2024–2025 and to use an EV after 2031 if the life-span is 5

years. Batteries and SC should not be used.

5 Conclusions

Transforming a house into a smart home requires considerable investment. We have proposed a frame-

work to guide the transition to smart homes given customized electricity usage. The framework gives

a payback analysis of each SHC acquisition combination for a specific user. We tested our framework

on examples in Belo Horizonte, London, and Montreal. For BH and London, we considered 1024

systems based on 8760 optimized hours (1 year). For Montreal, we considered 64 systems based on

534360 optimized hours (60 years). The results quantify the dependence of the payback on the site

and application, e.g., EV is attractive in London but not BH. The examples illustrate the versatility

of our framework.
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Figure 10: Payback for EV in Montreal.

Figure 11: Payback for EV with life-span of 10 years in Montreal.

Figure 12: Payback for EV with purchase rebate in Montreal.
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