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Abstract: As the cost of solar photovoltaic (PV) falls, their potential for transforming modern
electricity generation increases. Solar PV provides a simpler way of producing clean and affordable
energy, which makes it an attractive investment. Great investments in solar PV have occurred in
industrialized countries, but government efforts to promote this technology have not been effective in
nonindustrialized countries. Despite this, some of these countries may have a high solar PV potential,
such as Colombia, where policies to encourage solar PV are only just starting to take place. Therefore,
this paper proposes a simulation model to assess different policies—feed-in tariff, net metering,
and capital subsidy—to promote solar PV investments in the Colombian residential sector. Policies
are assessed considering the criteria of efficiency and effectiveness. Simulation results suggest that
(i) net metering is the most efficient policy with a cost indicator of 20,298 USD/MW; (ii) feed-in tariff
is the most effective policy as it reaches the highest level of avoided CO2 emissions—4,792,823 million
tons of CO2—and a meaningful PV installed capacity of 7522 MW; (iii) capital subsidy is the least
efficient policy as it has the highest cost indicator of 509,616 USD/MW.

Keywords: feed-in tariff; net metering; capital subsidy; PV adoption; efficiency; effectiveness;
CO2 emissions

1. Introduction

Global investments of solar photovoltaics (PV) grew from 303 GW in 2016 to 402 GW in 2017—a
growth of about 32% [1]. In 2017, the leading countries in terms of cumulative installed capacity of
solar PV were China (131 GW), USA (51 GW), Japan (49 GW), and Germany (42 MW) [2]. During 2017,
investment in solar PV technology for electricity generation was about 55% of newly installed power
capacity, exceeding net additions of fossil fuels and nuclear power [1]. Underlying this growth has
been significant cost reductions, with the cost of solar PV decreasing by 73% between 2010 and 2017 [3].
Besides, solar PV cost is predicted to fall even further by as much as 59% by 2025 [4].

Solar PV at distributed scale has particularly gained importance in recent years. Distributed solar
PV is defined as small-scale electricity generation that is not centrally planned or dispatched, located
near to the point of consumption, and usually connected to the distribution network [5]. Distributed
solar PV in the residential sector is categorized as microdistributed generation, which covers a PV
system size lower than 5 kW [6]. Australia has the highest proportion of residential distributed solar
PV in the world; in fact, some suburbs in Australia have recorded household solar PV penetration
rates above 50% [7].

Distributed solar PV has the potential to transform the power sector as it is clean, less expensive
than conventional technologies, and offers improved quality/level of service [8]. Other advantages of
distributed solar PV include its modular character, easy installation, and low maintenance costs [9].
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Countries with high levels of distributed solar PV are already leading the integration of this
technology into the grid. This has given rise to some potential challenges to the present power sector
relating to technical and economic aspects [10,11]. However, under the right regulation and market
design, distributed solar PV may be harnessed to establish a more efficient and cleaner electricity
system than the current one [12].

In countries with low deployment of distributed solar PV, policy incentives carried out under
reliable institutions are essential for promoting investment in this technology [13]. Evidence suggests
that the countries producing the most solar PV power have been implementing strong policies to
encourage the uptake of solar PV. Some of these policies include feed-in tariff (FIT), net metering,
and capital subsidies [14]. These policies can be defined as follows: (i) feed-in tariff scheme involves PV
producers receiving a fixed price for every unit of electricity produced during a specified period [15];
(ii) net metering scheme entails PV customers offsetting their electricity consumption against their PV
production over an entire billing period [16]; and (iii) capital subsidies reduce the upfront investment
cost, which is equivalent to a fixed percentage of the total investment cost [16,17].

Design these PV policies is not an easy task, and incentives to solar PV must contribute to learning
effects [18]. However, as solar PV is becoming cost-competitive, there is a danger of overly generous
solar PV incentives creating windfall profits for investors at a high public cost [15,19]. At the same time,
subsidy cuts due to grid parity of solar PV may lead to investment drops in new solar capacity—as has
already occurred in countries such as Italy, Spain, and Greece—affecting the achievement of renewable
targets [20].

Energy policy design is a complex issue involving multiple stakeholders and interrelationships,
depicting the dynamic behavior of the energy system [21]. A simulation model should be able to
represent the dynamic behavior of the energy system to understand the structures that could lead to
a sustainable energy policy [22]. The system dynamics (SD) methodology has emerged as a suitable
approach to build a simulation model with the aforementioned feature. This methodology has been
used to assess energy policies as it links observable patterns of behavior of a system to micro-level
structure and decision making processes [22]. The SD methodology applies control theory to social
systems, and it also consists of a system of ordinary differential equations [23].

Much research has been devoted to assessing the effect of policy on the diffusion of solar PV for
industrialized countries [19,24,25]. Some studies have even focused on analyzing the performance
of policies under criteria such as effectiveness and efficiency [26–28]. However, research relating to
nonindustrialized countries is limited. This is particularly the case for the Colombian electricity market,
although efforts have been previously made focusing on the transformative effect of distributed solar
PV on the country’s power industry [29–31]. The objective of this paper was therefore to assess
different policies to promote solar PV investment in the Colombian residential sector. The three
policies—feed-in tariff, net metering, and capital subsidy—were analyzed using the criteria of efficiency
and effectiveness. To reach this objective, a simulation model based on SD was built.

The rest of the paper is organized as follows: Section 2 provides a literature review about different
approaches to the analysis of policy effects on solar PV investment. Section 3 is concerned with
the simulation model that was used to accomplish the research objective. Section 4 provides a brief
overview of the main results. Section 5 presents the impacts of PV policies and their design elements
and draws conclusions.

2. Literature Review

This review identifies the full and complex landscape of existing literature about PV policies in
promoting residential PV systems. In this section, publications are categorized into the following topics:
(i) assessment of policies supporting renewables according to the criteria of efficiency, effectiveness, and
equity; (ii) comparative assessment of the economic viability of renewable policies; and (iii) systemic
approach to compare renewable policies.
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Traditionally, governments around the world have intervened to effectively promote renewable
power generation [32]. When grid parity is reached, incentives for renewables tend to be revised
to keep pace with falling technology costs [15]. Policy instruments are still necessary to spur the
investment in renewable technologies [33], and policymakers have been using different types of
supporting policies to support the adoption of PV systems. The most used policy instruments include
feed-in tariffs, net metering, and capital subsidies [16]. Instrument policies for promoting solar PV
must be designed considering criteria such as effectiveness, efficiency, and equity [34]. Effectiveness
entails accomplishing a renewable target and is measured as the amount of renewable power capacity
in a given period [26]. Efficiency is equivalent to the ratio between outcomes and efforts, and it
implies that renewable energy should be supplied to the end user at the least cost [35]. Efficiency is
a static criteria, although dynamic efficiency considers the future effect of policies on technological
improvements and cost reductions of renewable technologies [36]. Finally, equity performance is
measured through two aspects: “polluter pays” principle and the right allocation of expenditures and
revenues to customers [26].

Several studies have focused on comparing different policies to support renewables, considering
their performance based on the criteria of effectiveness, efficiency, and equity [26–28]. Using a
qualitative analysis to assess feed-in tariff and tradable green certificates, these studies highlighted
feed-in tariff as the policy that showed better performance in terms of the aforementioned
criteria [26,28]. In these papers, the discussion was focused on comparing price-driven against
quantity-driven mechanism that correspond to feed-in tariff and tradable green certificates,
respectively [37].

Furthermore, in recent years, net metering have gained worldwide importance as a tool for
fostering distributed solar PV [38]. Net metering is categorized as an indirect method to support
solar PV; this is in contrast to feed-in tariff, which is considered a direct method [15]. Several studies
have compared net metering versus feed-in tariff schemes from a financial perspective. For instance,
Sarasa-Maestro et al. [19] employed a financial model to calculate the internal rate of return of feed-in
tariff, tradable green certificates with quota systems, tax support and incentives for investment,
and bid to quota system. The analysis was carried out for several EU countries, and the authors
warned about the danger of high feed-in tariff rates that affect affordability and can lead to windfall
profits to investors.

Dusonchet and Telaretti [16] carried out a comparison of economic indexes, such as net present
value (NPV) and internal rate of return (IRR), for PV systems in four EU countries—France, Germany,
Greece, and Italy. Supporting measures such as feed-in tariff, net metering, and capital subsidies were
evaluated for each country, and the paper showed that countries with net metering scheme obtained
the best financial results due to higher electricity costs.

La Monaca and Ryan [39] presented a detailed model of household electricity demand and PV
generation using Ireland as a case study. This model was more precise in calculating the financial gains
of residential customers with PV system and exploring how those gains were affected by economic
policy support. Net metering, fixed feed-in tariff, and declining feed-in tariff were studied specifically,
and the results showed that net metering provides the best financial returns to residential customers
with PV systems.

Yamamoto [40] used a microeconomic model to compare feed-in tariffs, net metering, and net
purchase and sale as mechanisms to compensate PV generation in the residential sector. The study
found that the mechanism that most contributed to social welfare differed depending on the amount
of reduction in electricity consumption—if the reduction was small, a feed-in tariff produced more
social welfare.

Finally, Poullikkas [41] presented a comparative study between net metering and feed-in tariff
using an optimization algorithm. In this paper, the case study was the Cyprus electricity market.
Results showed that net metering may become more profitable than feed-in tariff; when household
electricity bill is considered, net metering may perform better than feed-in tariff.
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Previous studies offer a very static perspective on the performance of policy instruments.
A long-term and global perspective of the dynamics behind these policy instruments is therefore
necessary to avoid policy resistance. In other words, it is necessary to analyze long-term effects of
policies in order to avoid side effects such as windfall profits or free-riding. Studies that have applied
a systemic approach to address this problem either only analyzed one policy [42], were focused
on studying the effect of PV policies in a particular city instead of a country [43], were applied
to industrialized countries [24], or only analyzed some of the PV policies proposed here [44].
For this reason, this paper used a simulation model based on SD methodology to analyze the
performance of various policies to promote solar PV investment in the Colombian residential sector,
with effectiveness and efficiency used as the criteria to compare these policies. The model was applied
taking Colombia as a nonindustrialized country case study. Although efforts to analyze this country
have been previously made by focusing on the transformative effect of distributed solar PV in the
country’s power industry, the country remains largely unexplored in this regard [25–27]. Further,
Colombia is an interesting case study as it has a high solar potential, with the average solar radiation
measuring 4.5 kWh/m2/day [29,30,45,46]. Additionally, the government has taken an important step
in supporting the development of renewable energies through Law 1715 [47].

3. Simulation Model

In this section, the simulation model is described in two stages. First, the dynamic hypothesis
is presented, which depicts the structure of the diffusion of solar PV considering feedbacks, delays,
and nonlinearities. Second, the subsystem diagram, the main equations, and the simulation model
built with Vensim are shown, which are useful to represent the behavior patterns.

3.1. Dynamic Hypothesis

The main dynamic hypothesis of this study is shown in Figure 1, with the feedback cycles formed
by blue arrows. This describes how PV diffusion is influenced by the electricity market, which is
modeled by the interactions between supply and demand sides. The same dynamic hypothesis is
shown again in Figures 2 and 3. However, in Figure 1, a feedback cycle with red arrows is added
to describe the feed-in tariff scheme, while the red-marked structure in Figures 2 and 3 represent
the net metering and capital subsidy schemes, respectively. Next, the main dynamic hypothesis is
carefully described.

The balancing loop B1 in Figure 1 exhibits how supply and demand interact to set the margin,
which is measured as the surplus of power electricity supply against electricity demand. An increase
in margin implies a decrease in wholesale electricity price. Additionally, the wholesale electricity
price is an economic signal that encourages investment in power capacity entering the market after a
construction delay.

The balancing loop B2 in Figure 1 shares some of the variables from cycle B1. In cycle B2, the retail
electricity price results from the sum of the wholesale electricity price, other charges, and the cost
of implementing the solar PV policy, i.e., a feed-in tariff, net metering, or capital subsidy scheme.
The retail electricity price is paid by consumers in exchange for electricity, with the willingness to adopt
a solar PV system depending on the benefits of having one. The benefit of having a solar PV system
includes the retail electricity price and PV costs as part of its calculation; in other words, this benefit
results from an economic comparison between the production of solar PV against the demand for
power from the grid. Finally, the benefits of PV encourage investment in solar PV.

The balancing loop B3 in Figure 1 determines the feed-in tariff rate, which depends on PV costs
and the gap between the current solar PV capacity versus the solar PV target. To avoid windfall profits
to PV owners, the PV costs are considered, and the gap is important to adjust the feed-in tariff for
reaching the solar PV target. Finally, the cost of feed-in tariff policy is added to the retail rate that is
charged to consumers.
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Figures 2 and 3 depict the other two policies to support solar PV investments—net metering and
capital subsidy schemes. As mentioned earlier, in these figures, the differences regarding Figure 1 are
highlighted with red arrows. By definition, net metering depends on the retail rate; therefore, if retail
rate increases, the net metering rate received by PV owners will also increase, improving the benefits
of having PV systems (see Figure 2, reinforcing feedback R1). In the case of capital subsidies, the cost
of producing PV energy is reduced because of capital subsidy, increasing PV benefit and consequently
PV adoption. In addition, the cost of capital subsidy is added to the retail electricity price (see Figure 3,
red arrows).Energies 2018, 11, x 5 of 17 
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3.2. Mathematical Model

The simulation model may be represented through a subsystem diagram, where the system is
divided into smaller subsystems that contain the dynamics of the key relationships in the simulation
model. The subsystem diagram in Figure 4 is composed of the following components: wholesale
electricity market, environmental indicators, PV policies, and PV adoption. In next subsection, the main
equations are described for each component of the subsystem diagram.
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3.2.1. Wholesale Electricity Market

Within this module, wholesale electricity price, wt, is set as a function of the margin, Mt,
which depends on the electricity demand, Dt, and the power capacity, PCt [48]. See Equation (1).

Mt =
PCt − Dt

Dt
(1)

The effect of Mt on wt is set through a Lookup function. This function is used to depict the
nonlinear relationship between Mt and wt. This function consists of a data set of (x, y) pairs, where Mt

is the independent variable, and wt is the dependent variable.
The wholesale electricity price, wt, is also a signal to invest in new power capacity, NPCt. The latter

is determined by the average construction capacity per year, NC, affected by the effect of the wholesale
electricity price on investments, e, (see Equation (2)), which is also modeled by a lookup function.

NPCt = NC·e (2)

The capacity under construction, CUCt, results from integrating the inflow of new power capacity,
NPCt, minus the outflow of construction rate, CRt (see Equation (3)) [49]. New power capacity, NPCt,
becomes power capacity after an average time delay of five years; thus, the completion rate, CRt,
is defined through a delay function as shown in Equation (4).

CUCt =
∫ t

t0

(NPCt − CRt)dt + CUCt0 (3)

CRt = delay f ixed(NPCt, 5, 0) (4)

3.2.2. PV Adoption

In this module, PV adoption occurs as a process of several stages. First, retail rate, Rt, results
from adding up the wholesale electricity price, subsidies, and other charges such as transmission and
distribution costs (see Equation (5)) [50]. Total subsidies to solar PV are spread in electricity demand to
obtain the subsidies for each kilowatt hour, st, also called PV energy charge. It is assumed the variable
other charges, o, is constant.

Rt = wt + st + o (5)

Second, the benefits derived from each PV policy are calculated to determine the households
willing to adopt PV. Through a feed-in tariff scheme, households will receive benefits, πFIT in two
ways: (1) from generation tariff, (FITt), which is paid by the energy supplier for each unit (or kWh)
of electricity generated, g; (2) from the energy bill savings, as electricity is not bought from energy
supplier. The latter is equivalent to multiplying the retail rate, Rt, and the minimum between solar
PV electricity generation, g, and electricity consumption, c. The net benefit of feed-in tariff scheme
is calculated after subtracting the cost of solar PV, LCOEt, multiplied by the solar PV electricity
generation, g (see Equation (6)).

πFIT(t) = FITt·g + Rt·min(c, g)− LCOEt·g (6)

Under the net metering scheme, households with PV systems save the minimum between the solar
PV electricity generated (g) and the energy consumed by the household (c) as this minimum represents
the amount of energy not consumed from the grid multiplied by the retail rate, Rt. Furthermore,
under net metering, households are billed for the net energy used each month, which is calculated as
the difference between solar PV electricity generated (g) and the energy consumed by the household
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(c) during a billing period multiplied by the retail rate, Rt. Finally, the cost of producing solar PV
electricity is subtracted (see Equation (7)).

πNEM (t) = Rt·min(c, g) + max(0, (g − c))·Rt − LCOEt·g (7)

Regarding capital subsidies, the benefit is associated with the energy bill savings (first term
of Equation (8)) minus the cost of producing solar PV electricity (see Equation (8)). For the capital
subsidies, LCOEcst corresponds to the new cost of producing solar PV, which is calculated after
receiving the capital subsidy (see Equation (9)) [51]. Here, It is the investment cost, reduced
in the percentage of capital subsidy %cs, while Ot and Mt are the operational and maintenance
costs, respectively; the costs are discounted at rate r. The energy produced by the PV system, E,
during lifetime, n, is also discounted.

πCS (t) = Rt·min(c, g) − LCOEcst·g (8)

LCOEcst =
It·(1 − %cs) + ∑n

t=0(Ot + Mt)/(1 + r)t

∑n
t=0 Et/(1 + r)t (9)

After calculating the benefit of adopting a solar PV system under different policies to encourage
solar PV systems, the households willing to adopt PV (HWA) are calculated using the effect
of willingness to adopt (ew), which is a dimensionless variable that depends on the benefits
of producing solar PV generation. To calculate HWA(t), the total number of households, H(t),
the potential household adopters, M(t), and the household adopters, N(t), are also taken into account
(See Equation (10)) [52].

HWA(t) = (H(t)− M(t)− N(t))·ew (10)

Finally, potential household adopters become household adopters through the adoption rate, n(t).
This is determined using the Bass model [53] (see Equation (11)), where p and q are the innovation and
imitation coefficients, respectively [45]:

n(t) = p(M(t)− N(t)) +
q

M(t)
N(t)(M(t)− N(t)) (11)

The first term of Equation (11) represents the households that adopt on their own, while the
second term depicts the households that imitate.

3.2.3. PV Policies

In this subsection, it is explained how each policy is established and how its cost is calculated.
Net metering uses retail rates to compensate PV generation. Capital subsidies assume a fixed
percentage of 30% over the total system installation investment. Feed-in tariff rate depends on
the gap between cumulative solar PV (Cpv) and solar PV target (Tpv), as shown in Equation (12).

Gap = Tpv − Cpv (12)

The cost of the PV policy is defined yearly, and it results from considering PV adopters, N(t),
feed-in tariff rate, FIT price, PV generation, g, retail electricity tariff, Rt, the percentage of energy
exported to the grid, %e, the adoption rate, n(t), and the capital subsidy, %cs (See Equations (13)–(15)).

CostFIT(t) = N(t)·FIT price(t)·g (13)

CostNEM(t) = N(t)·R(t)·g·%e (14)

Costcs(t) = n(t)·I(t)·(1 − %cs) (15)
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3.2.4. Environmental Indicators

In this module, important outputs such as PV cumulative installed capacity and avoided carbon
dioxide (CO2) emissions are calculated. As the use of energy from PV systems lowers the energy
consumption of the grid, PV cumulative installed capacity, PVC(t), is calculated as a function of
the PV adopters, N(t), and the average PV panel size, s (see Equation (16)) [30]. The avoided CO2

emissions, AE(t), are calculated considering the emission factor, f , the cumulative PV installed capacity,
and average power generation per adopter, g, (see Equation (17)). Both emission factors and Equation
(17) are based on the Intergovernmental Panel on Climate Change (IPCC) approach [54].

PVC(t) = N(t)·s (16)

AE(t) = f ·g·PVC(t) (17)

3.2.5. Simulation Model

The equations mentioned in this section were used in the simulation model developed under
Vensim software package and shown in Figure 5.
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Figure 5. Simulation model created with Vensim.

3.2.6. Data

The inputs used for the model included the cost associated with solar PV generation, average
energy consumption, and electricity tariffs among other variables in the Colombian electricity market.
Table 1 summarizes the inputs used for the described model as well as the main sources of information.
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Table 1. Some parameters and their assigned value use in the simulation model.

Variable Value Source

Population 49,834,240 (people) [55]
Population growth 2% [56]

Sunshine hours 4.5 kWh/m2/day [57]
Levelized Cost of Energy (LCOE) of solar PV 0.15 USD/ kWh [58]

Installed capacity 17.34 GW [59]
Peak electricity demand 10 GW [59]

Retail electricity tariff 0.15 USD/kWh [60]
Average energy consumption per household 188 kWh-month [60]

4. Results

The simulation results show that in terms of effectiveness, as can be deduced from Figure 6, feed-in
tariff scheme reaches better results than net metering and capital subsidies. However, by the end of
the year 2040, both feed-in tariff and capital subsidies reach the same level of solar PV deployment.
Under these policies, the predicted installed capacity of solar PV systems in 2040 will be about 7532 MW.
However, during the simulation period, the feed-in tariff scheme is more effective to accelerate the
investments of solar PV systems compared to capital subsidies, given that cumulative installed capacity
with feed-in tariff always exceeds capital subsidies. In addition, net metering seems to be the least
effective policy—when this support instrument is in place, it shows the lowest level of solar PV capacity
installed. Under net metering, the number of solar PV systems in 2040 will be 7029 MW.
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Figure 6. Solar PV cumulative installed capacity under different policies.

Figure 7 shows the adoption rate, i.e., period-by-period adoption, and corresponds to the
innovation adoption curve. The adoption rate is influenced by potential adopters among other
variables. Potential adopters in turn depend on households willing to adopt, which is a function of
the benefit of having a solar PV system. This latter variable is calculated according to each policy
(see Equations (6)–(8) in the Section 3.2.2) and has the main influence on PV adoption rate.

For instance, the benefits of having a solar PV system when a feed-in tariff scheme is in place
mainly depend on the feed-in tariff rate, which is very high at the beginning of the simulation but
progressively reduces when saturation is reached. In addition, feed-in tariff has a strong impact on
adoption because under this policy, market saturation is reached faster compared to the other policies.

In the case of net metering, the benefit of having a PV system under this policy depends highly on
the retail electricity price (see Equation (7)) compared to the benefits associated with the other policies
(Equations (6) and (8)). With net metering, the adoption rate varies among a range of values because
retail electricity price also presents an oscillatory behavior. From Figures 6 and 7, it may be observed
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that net metering slows down the diffusion of solar PV systems compared to the other policies. This is
because the solar PV benefits reached with net metering are lower compared to the benefits obtained
under the other policies.

Under the capital subsidy scheme, at the beginning of the simulation period, the benefits of
adopting a solar PV system mainly depend on the energy bill savings obtained via retail electricity
rates (see first term of Equation (8)). However, capital incentive reduces the cost of solar PV generation
(the second term of Equation (8)); by 2022, this reduction is greater than the augmentation of the first
term of Equation (8), increasing the adoption of solar PV systems. After this year, the adoption rate
increases until saturation and it starts to grow slowly, as can be observed in Figure 7.Energies 2018, 11, x 11 of 17 
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Figure 7. PV adoption rate under different policies.

Figure 8 provides the costs of solar PV policies per year during the simulation period. Regarding
the feed-in tariff scheme, the cost of this policy is proportional to the feed-in tariff rate, which is
an endogenous variable that increases until PV cumulative installed capacity reaches the PV target;
this explains why feed-in tariff starts to fall after 2030. Capital subsidies of 30% are the most expensive
policy, and the cost of capital subsidies follows the behavior of the adoption rate. The least expensive
policy is net metering, although the cost of net metering follows a growing trend.
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Figure 8. Cost of policies.

The deployment of solar PV systems by the implementation of policies leads to CO2 reduction.
The reduction potential of solar PV systems depends on the availability of solar resource. Consequently,
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the most effective scenario for reducing CO2 emissions is the feed-in tariff, followed by capital subsidies
and net metering (see Figure 9). According to the characteristics of the Colombian electricity market,
the power plants affected by this reduction are mainly based on gas.Energies 2018, 11, x 12 of 17 

 

  

Figure 9. Tons of avoided CO2 under different policies. 

Among the components of retail electricity tariff, the cost of PV policy (PV energy charge) was 

analyzed next. The percentage contribution of PV energy charge to retail electricity tariff is shown in 

Figure 10. The feed-in tariff scheme contributes up to 12% to retail electricity tariff. In contrast, net 

metering contributes up to 4%. As expected, if capital subsidies are applied, this makes up the 

charges. The capital subsidy has the most significant impact on the retail electricity tariff, with the 

policy contributing up to a 30% to the tariff in total. Therefore, in terms of costs charged to the final 

consumers, the results are consistent with the total cost of the policy shown in Figure 8. 

The three policies with respect to the retail electricity price are shown in Figure 11. These results 

confirm the effects of each isolated policy on the energy bill paid by final customers. However, the 

effect of the wholesale electricity price here is perceived. This shows some ups and downs, produced 

by investment cycles, i.e., periods of over-capacity followed by under-capacity. In other words, an 

excess of power capacity produces a high margin, which reduces the wholesale electricity price, 

leading to a period without capacity additions and therefore under-capacity conditions. This again 

produces a low margin that increases the wholesale electricity price, and the investment cycle repeats. 

 

Figure 10. Percentage contribution of PV energy charge to retail electricity tariff. 

0

100,000

200,000

300,000

400,000

2018 2021 2024 2027 2030 2033 2036 2039

M
il

li
o

n
s 

o
f t

C
O

2
/y

ea
r

Time (Year)

FIT Net metering Capital subsidies

0%

5%

10%

15%

20%

25%

30%

2
0

1
8

2
0

1
9

2
0

2
0

2
0

2
1

2
0

2
2

2
0

2
3

2
0

2
4

2
0

2
5

2
0

2
6

2
0

2
7

2
0

2
8

2
0

2
9

2
0

3
0

2
0

3
1

2
0

3
2

2
0

3
3

2
0

3
4

2
0

3
5

2
0

3
6

2
0

3
7

2
0

3
8

2
0

3
9

%

FIT Net metering Capital subsidies

Figure 9. Tons of avoided CO2 under different policies.

Among the components of retail electricity tariff, the cost of PV policy (PV energy charge) was
analyzed next. The percentage contribution of PV energy charge to retail electricity tariff is shown
in Figure 10. The feed-in tariff scheme contributes up to 12% to retail electricity tariff. In contrast,
net metering contributes up to 4%. As expected, if capital subsidies are applied, this makes up the
charges. The capital subsidy has the most significant impact on the retail electricity tariff, with the
policy contributing up to a 30% to the tariff in total. Therefore, in terms of costs charged to the final
consumers, the results are consistent with the total cost of the policy shown in Figure 8.

The three policies with respect to the retail electricity price are shown in Figure 11. These results
confirm the effects of each isolated policy on the energy bill paid by final customers. However, the effect
of the wholesale electricity price here is perceived. This shows some ups and downs, produced by
investment cycles, i.e., periods of over-capacity followed by under-capacity. In other words, an excess
of power capacity produces a high margin, which reduces the wholesale electricity price, leading to a
period without capacity additions and therefore under-capacity conditions. This again produces a low
margin that increases the wholesale electricity price, and the investment cycle repeats.
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Figure 10. Percentage contribution of PV energy charge to retail electricity tariff.
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Figure 11. Retail electricity price.

Table 2 compares the PV policy performance. The policy indicators analyzed to study the
effectiveness of these policies are PV installed capacity and total avoided emissions. These indicators
reflect the extent to which the environmental purpose of the PV policy is achieved. The efficiency of
the PV policies is assessed through affordability indicators such as the average PV charge, which is
included in the retail electricity tariff paid by the final consumers in the energy bill. Another indicator
of efficiency is the average cost of each MW of solar PV installed, which is calculated as the total cost
of the PV policy divided by the total PV installed capacity.

As can be observed in Table 2, the capital subsidy produces the highest levels of PV adoption;
however, its avoided emissions are lower compared to those obtained under feed-in tariff. It is also the
least efficient policy as it is associated with the highest policy costs. The most effective policy is feed-in
tariff as it is associated with the highest reduction of CO2; regarding the affordability aspect, it is a
moderate policy. The most efficient policy is net metering as it entails the lowest policy cost. However,
with net metering, the highest levels of solar PV are not reached—the solar PV installed capacity is 7%
lower compared to when feed-in tariffs are applied.

Table 2. Policy indicators.

PV Installed
Capacity (MW)

Total Avoided
Emissions

(Millions t CO2)

Average PV
Charges

(USD/kWh)

Cost of PV
Installed

(USD/MW)

Feed-in tariff 7522 4,792,823 0.0033 133,335
Net metering 7029 3,312,580 0.0003 20,298

Capital subsidy 7544 4,493,053 0.0125 509,616

The next section discusses the main conclusions derived from this paper as well as the best policies
to deploy solar PV in the Colombian residential sector.

5. Conclusions

This paper reaches conclusions on a variety of issues regarding the performance of solar PV
policies in the Colombian residential sector, specifically feed-in tariff, net metering, and capital subsidy.
The study provides insights into policy analysis, contributing to a better understanding of the long-term
effects of solar PV policies. Results suggest that the most effective policy in terms of PV installed
power capacity and avoided CO2 emissions is feed-in tariff and that in terms of efficiency, it is a
moderate policy. Although, capital subsidy leads to a higher PV installed capacity compared to feed-in
tariff, the avoided CO2 emissions with capital subsidy are lower compared to the feed-in tariff policy.
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In addition, capital subsidy is the least efficient policy compared to net metering and feed-in tariffs.
In the case of net metering, this technology is not the most effective technology, but it is the most
efficient. Next, some design aspects of each PV policy are discussed.

Feed-in tariff seems more effective but also less efficient than net metering. The danger of
this policy is that it may create windfall profits for PV producers. Policy designers must carry
out adjustments according to learning curves given that solar PV is expected to get cheaper as
PV installed capacity increases in the future. Thus, to ensure that feed-in tariff rates are reduced
progressively, a degression mechanism should be applied. Additionally, potential adopters must
perceive positive economic conditions for investing in PV systems—in spite of the application of a
degression mechanism—to avoid any drop in PV investments.

In the case of net metering, it seems an efficient and effective policy. However, this policy has been
criticized for being unfair because PV owners are compensated with the full retail rate for essentially
wholesale energy [61–63]. In addition, the network costs avoided by PV owners are paid by non-PV
owner as cross-subsidies [64]. This aspect was not investigated in depth here, although other studies
have previously demonstrated the opportunistic behavior associated with net metering [25,26].

The capital subsidy seems the least suitable policy to promote solar PV in the Colombian
electricity market. However, this should not be totally ruled out given that the Colombian
population is categorized according to their incomes, and most households belong to the low-income
population—nearly 88%—representing about 80% of the residential energy consumption in 2017 [60].
For this population, the upfront costs may be a barrier for adopting a PV system.

In conclusion, any PV policy chosen should be carefully designed and continuously assessed to
avoid any side effects. The two best alternatives to encourage PV investments are net metering and
feed-in tariff. However, the best policy depends on the priorities of policy designers—those who give
more importance to solar PV investments would prefer feed-in tariff, while designers who give priority
to efficiency would prefer net metering. In addition, further work is necessary to determine the effect
of policy combination. For instance, a capital subsidy may be applied temporarily to accelerate the
adoption process, helping to saturate the potential market faster. This policy may be combined with
net metering, which seems to be the most efficient policy.
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