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Abstract

The increased integration of wind electricity into existing grids is poised to cat-
alyze significant market changes. This study assesses the prospective impacts of wind
power integration on operational costs, generator profits, consumer expenses, and mar-
ket prices within the ISO New England system, employing a simplified one-bus system
model. We solve the system unit commitment problem via mixed-integer linear pro-
gramming, and we compute prices using the Envelope Theorem and dual variables.
We use nine scenarios, ranging from 0 MW to 20,000 MW of installed wind capacity,
alongside an additional scenario featuring a $50 per ton carbon tax. Scenarios were
selected using agglomerative clustering. Our findings indicate that policies promoting
greater wind penetration should be accompanied by a carbon tax. Without the tax,
increasing wind capacity results in reduced operational costs, lower median prices, and
diminished average industry profits. Conversely, the scenario with a carbon tax shows
higher prices passed on to consumers, resulting in a surplus transfer from consumers
to the industry but overall higher welfare. We recommend that policymakers consider
using tax revenues to directly compensate for energy price increases caused by the tax.

1 Introduction

Electricity is the world’s fastest-growing form of end-use energy consumed, and has been
so for many decades already (Conti et al., 2016). Although electricity is a clean and
relatively safe form of energy, its generation and transmission has direct consequences on
the environment. Such impacts, however, largely depend on the specific types of electric
power plants (US Energy Information Administration, 2019).

Over the past century, the main energy sources used for electricity generation have
been fossil fuels. In 2019, thermal facilities, including coal, gas, and oil power plants,
accounted for 72.16% of the total installed capacity in ISO New England. In addition,
thermal generation accounted for 59.86% of total generation in the ISO New England
market in the same year. Thermal facilities obtain thermal energy by burning fossil fuels, a
process which releases combustion gases into the atmosphere. In 2019, thermal generation
was the source of 22,424 thousand tons of carbon dioxide (CO2), 1.6 million pounds of
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sulfur dioxide (SO2), and 6.9 million pounds of Nitrogen oxides (NOx) emissions in the ISO
New England market. Some plants also produce solid residue1 which are mixed with water
creating the so-called sludge which is stored in retention ponds. Several of these ponds have
burst and already caused extensive damage and pollution downstream.

Nearly all thermal plants’ combustion byproducts have negative effects on the environ-
ment and human health. CO2 is a greenhouse gas, and its emission in the atmosphere
directly contributes to global warming. Another common gas emitted during the combus-
tion of fossil fuels is SO2, which causes acid rain and also worsens respiratory illnesses and
heart diseases, particularly in children and the elderly (US Energy Information Adminis-
tration, 2019). NOx is a precursor of ground-level ozone which irritates and damages the
lungs. In addition, some heavy metals such as mercury are released to the atmosphere
and are hazardous to human and animal health. Finally, particulate matter (PM) results
in hazy conditions in cites and, coupled with ozone, contributes to asthma and chronic
bronchitis. Note that very small, or fine PM, is also believed to cause emphysema and lung
cancer (US Energy Information Administration, 2019).

Concerns about air quality and climate change have raised the interest in alternative
power generating solutions such as wind power. CO2 emissions in year t can be expressed
as

Et = EIjt · Sjt ·Qt
where EIjt is the carbon intensity of technology j measured in tCO2/MWh, Qt is the

market level generation in period t measured in MW , and Sjt is the share generated by
technology j measured in %. In this simplified set up, clean technologies are carbon neutral.
Therefore, a decrease of the market share of carbon-emitting technologies relative to cleaner
ones such as wind generation would decrease aggregate CO2 emission levels.

Increasing the share of wind electricity can be expected to trigger additional changes
in the market. First, it will affect the overall operating structure of the market as there
will be a resource reallocation due to the fact that the integration of wind generation will
displace other plants. Second, it will generate changes in the electricity equilibrium price
since wind generation has a marginal cost assumed to be equal to zero. These effects are
not only related to price levels but also to the price variance. Changes in average price
are important since they have direct impacts on generators’ profits and the price paid by
consumers. Thus, an increase of prices will have distributional effects in the short-run.
Moreover,the real-time price variance is an important variable because, when price risk
is high, investors would be discouraged and would require higher risk premiums (Winkler,
Gaio, Pfluger, & Ragwitz, 2016). Similarly, largely fluctuating day-ahead prices mean there
are some critical issues in the whole system resource planning (i.e. resource inadequacy).
This project will analyze the effect of wind integration on the day-ahead market in order
to asses the economic ramifications wind integration may have.

The present project analyses the prospective effects of wind integration on electricity
prices and operating costs in the ISO New England system, under the assumption of a one-

1Bottom ash includes the largest particles that collect at the bottom of the combustion chamber, and fly
ash is the smaller and lighter particulates.
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bus system model.2 In our assessment, we will consider different levels of installed wind
capacity under a variety of characteristic scenarios in relation to both electricity demand
and wind conditions typical for New England. Ultimately, our report aims at providing a
recommendation to local policy makers.

2 Theoretical Background

Policy makers have attempted to support an increase in the share of wind electricity gen-
eration, which directly affects the unit commitment solution and the day-ahead market
clearing conditions. While electricity demand is inelastic in the short-term, any change
in the supply curve will necessarily affect the generation of each unit, the market price
level, and the profitability of different units. However, the magnitude of these effects is not
clearly defined theoretically, since the aggregated effect will ultimately depend on the spe-
cific generation mix, the precise market structure as well as other characteristics. Indeed,
many different effects could be working in opposite directions, and the final net effect will
depend on the relative strength of each of these effects. In this sense, studying the effect
of wind power integration on the day-ahead market structure is a non-trivial question.

2.1 Operating Costs and Social Welfare

If we start by fixing a instantaneous period t, the objective of a system operator is to
maximize social welfare in this period t. Note that this implies the system operator should
not favor one party over the other. Assume there is a representative consumer which has a
benefit from consuming an electricity quantity Dt. Let Bt(Dt) be the related benefit. By
definition,

Bt(Dt) =

∫ Dt

0
pt(Dt)dDt

where pt(Dt) is the demand function. Now, let Ci,t(gi,t) be the cost of generating
quantity gi,t with generator i. By definition, and assuming a quadratic functional form, the
cost function can be expressed as

Ci,t(gi,t) = big
2
i,t + aigi,t +NLCiui,t + SUCivi,t

where ai and bi are dispatch cost coefficients for generator i, NLCi is the no-load cost
for generator i, SUCi is the start-up cost for generator i. This set up assumes that the
parameters of the cost function are the same for different time periods. Moreover, ui,t is a
binary variable which takes value 1 if generator i is on during time period t and otherwise
zero. Finally, vi,t is a binary variable which takes value 1 if generator i is turned on at the
start of period t, otherwise zero.

In this context, total cost in the fixed period t is given by Ct(gt) =
∑N

i=1Ci,t(gi,t) where

gt =
∑N

i=1 gi,t. Thus, for the fixed period t the system operator’s objective is to maximize

2This latter assumption is supported by the fact that ISO New England has minor congestion issues on
its network.
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∫ Dt

0
pt(Dt)dDt −

N∑
i=1

(big
2
i,t + aigi,t +NLCiui,t + SUCivi,t)

which represents the difference of the consumers’ benefit and the operating cost. Since
the demand function is assumed to be inelastic and ”passive”, in the sense that it is fixed
for each period t, the first term is constant. So, solving the previous problem is equivalent
to minimizing the operating cost function by choosing gi,t, ui,t, and vi,t. Given that there
are t ∈ {1, 2, ..., T} periods, the system operator’s objective is to solve

min
{gi,t,ui,t,vi,t}

T∑
t=1

N∑
i=1

(big
2
i,t + aigi,t +NLCiui,t + SUCivi,t)

Therefore, understanding the effect of wind integration on operating costs is an impor-
tant variable to analyze since it will define the effect of wind integration on social welfare.
Note that in the previous analysis and contrary to below sections, the choice of reserve has
not yet been taken into account.

2.2 Profit and Consumer Cost

In the previous section, we explained that demand is inelastic and constant for each instan-
taneous time period. Hence, analyzing the effect of wind integration on consumer costs is
relevant since the electricity cost will have distributional consequences in the short-term.
The cost to consumers is given by the electricity and reserve prices in this market, and the
amount of reserve and electricity consumed.

Note that the analysis of the price is not only relevant for consumers but also for
generators. Indeed, generator’s i profit is defined as:

Ωi =

T∑
t=1

[πtgi,t − Ci,t(gi,t)]

where πt is the price in period t. Therefore, firms’ profits not only depend on the level
of generation for each period t but also on the market price for that period. Analyzing
the profit is important to understand overall the industry dynamic. In fact, firms with
negative profits will sooner or later exit the market, while new technologies with positive
profit perspectives will be attracted to the market.

2.3 Changes in Prices

Wind power can generate a partial displacement of fossil fuels in the market, which could
generate downward pressure on prices.3 Most power systems dispatch electricity such that

3The effect of wind integration on average prices also includes the effect investments have on prices.
Wind integration requires the construction of wind facilities in regions where demand is supplied by other
types of facilities (Tra, 2016). Hence, firms inside the market will have to install and operate renewable
technologies. Then, prices might tend to increase inside the market due to investment costs (Fischer, 2010).
For the purpose of the present analysis, we will consider that wind power is already installed, and we will
abstract from any investment costs.
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units with high marginal costs operate only when demand is very high. In general, wind
energy has very competitive marginal costs (virtually equal to zero) and can bid at very
low prices displacing fossil generation (Gelabert, Labandeira, & Linares, 2011). As a con-
sequence, there will be a reduction of the average cost on the market(Tra, 2016), and the
average electricity price should decrease in a competitive generation market (Woo, Horowitz,
Moore, & Pacheco, 2011).

Kaufmann and others (2016) call this effect the ”Demand Reduction Induced Price”
(DRIP). In particular, the displacement of non-renewable electricity sources will reduce
demand for fossil fuels. Thus, non-renewable generation average costs of operation decrease,
and electricity prices subsequently fall (Fischer, 2010). The DRIP effect is closely related
to what some authors call the merit-order effect (Winkler et al., 2016).

The magnitude of the merit-order effect is conditional on the possibility to substitute
costly technologies with cheaper ones. In fact, when fossil electricity is operating at high
marginal costs, the introduction of cheaper renewable sources might generate a strong
reduction in prices. However, when the difference of costs is smaller, the reduction of
marginal costs won’t be significative. This project will quantify the average price reduction
in the ISO New England market.

Moreover, the price variance is an important variable to analyze. Electricity demand
shows strong seasonality behavior, and prices typically exhibit strong daily, weekly and
monthly fluctuations (Wozabal, Graf, & Hirschmann, 2016). As a consequence, units with
high costs operate only when demand is very high (Kaufmann & Vaid, 2016). In this
context, the integration of wind power may increase price variance since wind is volatile
and it is hardly adjustable to electricity demand, so when wind is not available we have to
ramp-up more expensive units (Ketterer, 2014). Indeed, a large variance of the day-ahead
market represents a resource inadequacy and critical issues in the resource planning of the
system.

The most convenient way authors found to analyze the price variance into a price model
is by using the concept of residual demand (Wozabal et al., 2016), that it is the difference,
in our case, between wind variable production and demand level. Then, we can define a
distribution function of the residual demand, with a positive density on the real numbers.
This distribution can be associated with a distribution function of prices. When wind
generation decreases by any decrease of wind flow, the residual demand has to be covered
by conventional facilities in very short period of time (Winkler et al., 2016). Given that
these sources usually have higher marginal costs, prices will have to adjust, affecting the
day-ahead price variance.

In this context, a higher share of wind source would have two direct effects on the
distribution function of the residual demand. First, the residual demand would be shifted
to a zone where prices are smaller (zone where the supply curve is flat) as wind electricity
usually has very low marginal costs. Second, the variance of the density of the residual
demand will change, and the price variance will consequently be affected. This means
that the effect of wind integration on the price variance will depend on the shapes of
both the density functions and the supply curve, as well as on the effect higher share of
wind electricity will have on these two (Wozabal et al., 2016). The latter relationship will
strongly depend on the location, the natural environment and the specific technology used
to generate wind electricity (Kaufmann & Vaid, 2016).
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3 Formal Model

In this project, our aim is to to assess the impact of wind capacity integration into the ISO
New England network on operating costs, generators’ profits, consumer costs, and prices.
For this, we program a unit commitment problem where the objective is to determine which
units of a given system have to be started and stopped for each period of time, as well as
how much the started units have to generate given exogenous demand, reserve requirements,
and wind profiles under a variety of installed capacity scenarios.

Let t ∈ {1, 2, ..., T} be the time period index and i ∈ {1, 2, .., N} be the generator index.
Since ISO New England has only minor congestion issues, we will consider that there are
no transmission limits within the network and that our problem can therefore be solved as
a single-bus model. In other words, and following section 2.1, our target is to minimize the
following objective function:

T∑
t=1

N∑
i=1

(big
2
i,t + aigi,t +NLCiui,t + SUCivi,t) (1)

which represents the total operating cost of the power system. Recall that ui,t is a
binary variable which takes value 1 if unit i is on during period t. We assume that all the
units are initially off. In addition, vi,t is a binary variable which takes value 1 if unit i is
turned on at the start of period t and otherwise 0. So, vi,t is defined as

vi,t − zi,t = ui,t − ui,t−1 (2)

where zi,t ∈ {0, 1} takes value 1 if generator i is turned off at the start of period t and
otherwise 0. Note that a generator cannot simultaneously be on and off, which is imposed
by condition (3):

vi,t + zi,t ≤ 1 (3)

Constraints (2) and (3) represent the generator’s start-up and shut-down logic. In
addition, we know that, once a unit is running, it may not be shut down immediately. The
minimal time it needs to remain on is the so-called ”minimum up time”. In mathematical
terms, if ui,t = 1 and tupi < tup,mini , then ui,t+1 = 1. Similarly, once a unit has just been
shut down, it may not be immediately re-started. In mathematical terms, if ui,t = 0 and

tdowni < tdown,mini , then ui,t+1 = 0. In order to introduce these dynamics into the problem
we will impose the generator minimum up and minimum down time constraints as follow:

t∑
τ=max{t−Tupi+1,1}

vi,τ ≤ ui,t (4)

t∑
τ=max{t−Tdni+1,1}

zi,τ ≤ 1− ui,t (5)

where Tupi is the minimum up time of generator i and Tdni is the minimum down time
of generator i. While the initial version of the instructions indicated a lower summation

6



bound of ”min{t−Tupi+1, 1}”, our team figured out that this would yield incorrect results,
especially since the min function would generate negative indices for the summation and
correctly suggested to introduce a max function instead.

A generator must also satisfy its generation limit constraints:

Gmini · ui,t ≤ gi,t ≤ Gmaxi · ui,t (6)

where Gmini and Gmaxi are the minimum and maximum generation limits for generator i.
Note that we only need to satisfy this constraint for those units which are on in period t.
Thus, gi,t ∈ {0, [Gmini , Gmaxi ]}.

In addition, we know that variations in electrical output of any given unit are technically
constrained. In fact, changes in generation for each individual unit have to remain below
a certain ramp rate constraint. Let RRi be the ramp rate constraint of generator i. Then,
we must always have

−RRi ≤ gi,t − gi,t−1 ≤ RRi +Gmini · vi,t (7)

Note that the previous condition allows to override the ramp rate limits when the unit
has just been turned on. In our model, we further assume that wind generation has zero
marginal cost and can be curtailed. More specifically, let wt be the wind power integrated
to the grid in moment t, W the installed wind capacity, and αt the time-variant wind
capacity factor at time t. For any t, wind generation must satisfy

wt ≤ αtW (8)

In this context, the power balance has to be satisfied meaning that the amount generated
from wind capacity and the amount generated using all the conventional generators has to
be equal to the demand in each period. In other words, at each point in time, we must
have:

N∑
i=1

gi,t + wt = Dt (9)

In addition, the system we model will be subject to the so-called ”3+5” reserve rule,
meaning that the reserve amount in each period t must at least be equal to 3% of the
demand in period t and 5% of integrated wind. Since the system reserve will be provided
by facilities that are online, the amount generated and used for reserve in each unit i cannot
exceed the total available capacity at those units. Finally, the reserve cannot exceed the
ramp rate of the units. All in all, the system reserve constraints are given by

N∑
i=1

ri,t ≥ 3% ·Dt + 5% · wt (10)

ri,t ≤ Gmaxi · ui,t − gi,t (11)

ri,t ≤ RRi (12)

In this problem, the continuous decision variables are the generation of unit i during
period t, the hourly reserve generator provided by generator i during time period t, and the
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wind power generation during time period t (i.e. gi,t, ri,t, and wt respectively). The binary
decision variables are ui,t, vi,t, and zi,t. Therefore, the mixed-interger linear programming
problem we solve in this project is explicitly defined by:

min
ui,t,vi,t,zi,t,gi,t,ri,t,wt

T∑
t=1

N∑
i=1

(big
2
i,t + aigi,t +NLCiui,t + SUCivi,t)

s.t. Gmini · ui,t ≤ gi,t ≤ Gmaxi · ui,t, −RRi ≤ gi,t − gi,t−1 ≤ RRi +Gmini · vi,t
vi,t − zi,t = ui,t − ui,t−1, vi,t + zi,t ≤ 1

t∑
τ=τ1

vi,τ ≤ ui,t,
t∑

τ=τ2

zi,τ ≤ 1− ui,t

0 ≤ wt ≤ αtW
N∑
i=1

gi,t + wt = Dt

N∑
i=1

ri,t ≥ 3% ·Dt + 5% · wt, ri,t ≤ Gmaxi · ui,t − gi,t, 0 ≤ ri,t ≤ RRi

ui,t ∈ {0, 1}, vi,t ∈ {0, 1}, zi,t ∈ {0, 1}

where τ1 = max{t − Tupi + 1, 1} and τ2 = max{t − Tdni + 1, 1}. Note that, in this
formulation, the constraint gi,t ≤ Gmaxi ·ui,t is not necessary as it is automatically embedded
within ri,t ≤ Gmaxi ·ui,t−gi,t (given that ri,t ≥ 0). However, we are going to be as explicit as
possible in the formulation in this case since adding it changes trivially the time to achieve
an optimal value. The reason, as we explain later, is that Gurobi does a presolve reduction
procedure in which it already simplifies the problem as much as possible. So, the set of
constraints will be simplified by Gurobi.

3.1 Prices and Dual Variables

As previously explained, the price of energy is a key variable for our analysis. The price
of reserve is also an important variable we need to consider. The prices are obtained by
computing the dual variables associated with the corresponding constraints. In order to
understand this statement, we need to rely on the Envelope Theorem. Let

V (g∗i,t, u
∗
i,t, v

∗
i,t, z

∗
i,t, r

∗
i,t, w

∗
t ) = min

T∑
t=1

N∑
i=1

[bi(g
∗
i,t)

2 + aig
∗
i,t +NLCiu

∗
i,t + SUCiv

∗
i,t]

be the value function and λ be the dual variable associated with the power balance con-
straint (9). In addition, assume that µR is the dual variable associated with the minimum
reserve constraint (10). If Ret denotes the minimum reserve requirements in the latter
constraint, we may rewrite this constraint as:

N∑
i=1

ri,t ≥ Ret
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So, by the Envelope theorem:

∂V (·)
∂Dt

=
∂L(·)
∂Dt

= λ and
∂V (·)
∂Ret

=
∂L(·)
∂Ret

= µR

where L(·) is the Lagrangian of the problem. The dual variable λ represents the least
additional cost of servicing one more MW of load. Similarly, the dual variable µR represents
the least additional cost of one additional MW of reserve requirement. Thus, the price of
energy and reserve are respectively given by the dual variables λ and µR according to:

N∑
i=1

gi,t + wt = Dt : λ and
N∑
i=1

ri,t ≥ 3% ·Dt + 5% · wt : µR

where λ ≥ 0 and µR ≥ 0. Note that µR > 0 only when the inequality constraint is
binding (due to complementary slackness conditions).

One challenge in this set up is that we are solving a mixed-integer problem. Since
the dual variables are associated with the gradient of the Lagragian function, we won’t be
able to recover the dual variables from the mixed-integer problem. In the implementation
section we explain how we calculate these dual variables in a two-step approach, by relying
on both an economic dispatch problem and a classical (i.e. continuous) linear optimization
problem.

4 Implementation

In this section, we briefly describe the data and explain our proposed method to choose
a representative set of scenarios for demand and wind. In addition, we explain how we
defined wind scenarios, the way the model was formulated in Matlab, the choice of the
solver, and the method to calculate the dual variables.

4.1 Input Data

Our model relies on three datasets which correspond to the data used in the paper ”An
8-Zone Test System Based on ISO New England Data: Development and Application”
(Krishnamurthy, Li, & Tesfatsion, 2016). These files characterize conventional energy gen-
eration (supply-side characteristics), energy demand over a 4-day period (demand-side char-
acteristics) and wind capacity profiles over a 4-day period.

4.1.1 Generators

The generator level data includes the location, maximum and minimum capacity in MW,
fuel type, minimum up- and down-time in hours, ramp rate in MW/h, and three coefficients
calibrating the dispatch cost.4

The energy mix of our power system is provided in Figure 1. As expected, the energy
mix is in agreement with the ”Test System” described in Figure 5 from (Krishnamurthy et
al., 2016).

4For a detailed description, please refer to the appendix at the end of the document.
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Figure 1: Installed capacity for ISO New England by fuel type

Note: Fuel oil includes RFO, coal includes bituminous and sub-bituminous, and natural gas is made

of NGA1, NGA4, NGIR, NGLN, NGMN, NGPN, NGT1, NGT2, NGT4, and NGTN. This plot does

not take the NEMASSBOST area into account.

It appears that almost half (47%) of the installed capacity corresponds to natural gas
power generation. By contrast, oil (23%), nuclear (20%) and coal (10%) account for the
remainder of the market.

The fuel type used by a particular facility has significant consequences on its technical
flexibility and cost structure. For instance, while nuclear facilities display significant ca-
pacities, very large large start-up costs, long minimum up- and down-time characteristics,
natural gas facilities are much smaller and more flexible. Conversely, once operating, nu-
clear facilities display a significant advantage compared to natural gas plants in terms of
variable costs. Compared to any other fuel type, natural gas further displays the unique
advantage of typically allowing for important ramp rates. More generally, we summarize
the key characteristics of generators in ISO New England classified by conventional fuel
type in Table 1, where the median values of our generator data characteristics have been
computed.5

5Given the presence of outlier values in the dataset, average values would mis-represent our dataset and
we therefore propose to look at median values. Moreover, we observe a strong coherence with values for cost
coefficients as presented in Table III of (Krishnamurthy et al., 2016). The only inconsistency with Table III
is related to the b coefficient for fuel oil, where (Krishnamurthy et al., 2016) claim an upper limit of 0.0342
which is inferior to our median value. In fact, each of generator 18, 19, 21, 26, 27, 28, 29 and 30 has a
b coefficient strictly above 0.0342.
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Table 1: Median characteristics of the 76 generators considered in the present report

(unit) Natural gas Coal Nuclear Fuel oil

Capacity (MW ) 188 150 881 400
Minimum generation (MW ) 38 60 705 140

Minimum up-time (h) 6 16 24 16
Minimum down-time (h) 5 13 48 11
Ramp rate MW/h 400 120 120 120

Start-up cost ($) 2500 13873 900000 82500
No-load cost ($/h) 250 745 1250 6000
Dispatch cost coefficient a ($/MWh) 57 18 10 176
Dispatch cost coefficient b ($/(MW)2h) 0.0046 0.0001 0.0002 0.0344

As already explained, our assessment does not consider investment costs and will con-
sider that these 76 generators are all available to use as of the first period of our unit
commitment problem. No scenarios are further considered for the above conventional gen-
erators. Conversely, as explained in the following two subsections, the datasets for both
demand and wind may strongly fluctuate according to a variety of scenarios.

4.1.2 Demand

The demand data at our disposition covers demand in each of the eight zones for ISO
New England, over a 4-day period (96 hours) and under 90 different scenarios. The time
resolution of the demand data set is one hour, and the demand displays strong daily season-
ality patterns, achieving its minimum during the night and its maximum during the day.
Among all scenarios and time-steps, the extreme demand values range from only 9,019 MW
to as much as 17,765 MW. Figure 2 illustrates the entire demand dataset by representing
a superposition of all 90 time series scenarios.

Figure 2: Demand profiles over the 4-day time window

Note: Superposition of the 90 demand profiles (see colored labels in the legend) over the 4-day time

window under investigation. The average demand profile is plotted in red.
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4.1.3 Wind

Similarly to the previous dataset for demand, the wind capacity dataset corresponds to
hourly wind capacity factors (with values between 0 and 1), over a 4-day time-frame, under
90 different scenarios.

The distribution of wind capacity factor data shows that, for 27% of all observations in
the dataset, the wind capacity factor is smaller than 0.05 (see Figure 3). The amount of
hours with higher wind capacity factors typically decreases with the wind capacity factor,
meaning that strong wind is typically less frequent than milder wind. The dataset, however,
displays one notable exception to this general rule, namely for extremely strong wind. In
fact, 5% of all hourly observations for wind capacity appear to have a value above 0.95.
This is likely due to the truncation, at a threshold, for any type of extreme wind situation.

Figure 3: Distribution of hourly wind capacity factors across all scenarios

The average wind capacity factor in our data is 0.25, while the median is 0.14 due to
the left-skewness of the distribution. Figure 4 presents the plot of the scenarios.

Figure 4: Wind capacity factor profiles over the 4-day time window

Note: Superposition of the 90 wind capacity factor profiles (see colored labels in the legend) over

the 4-day time window under investigation. The average wind profile is plotted in blue.
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While individual wind scenarios do not visually display as strong regularity over the
4-day period as the demand profiles do, we observe from the above chart that, on average,
the wind capacity factor is typically higher during night time, and slightly drops around
noon. This situation is quite unfortunate as it is, on average, in opposition to the previously
identified pattern characterizing demand. Figure 5 illustrates this finding.

Figure 5: Average demand (in red) and wind capacity factor (in blue) over 4 days

Figure 5 shows that there is an imbalance between the average demand peaks and the
average wind capacity factor. This will impose large rampage requirements as we introduce
wind into the system. This means that the variance of the residual demand is expected to
increase, and the effect of this on the day-ahead price will depend on how flexible are the
units and the generation cost of these facilities.

4.2 Selection of Representative Scenarios

Given the large number of different scenarios for wind capacity and demand data, we pro-
pose to restrict our assessment to a subset of representative scenarios. More specifically,
using Python’s scipy environment, we use a machine learning algorithm for agglomerative
clustering in order to classify both our demand and wind capacity databases into three
clusters each.6 Finally, we separate the 90 scenarios into nine different clusters, by con-
fronting the demand and wind classifications and performing a cross-classification. The
classifications of demand and wind profiles are respectively summarized by dendrograms
depicted in Figure 6 and 7.

6For this purpose, we use a complete linkage approach with euclidean affinity metric.

13



Figure 6: Classification of the 90 demand profiles into 3 clusters (green, red, blue)

Figure 7: Classification of the 90 wind profiles into 3 clusters (green, red, blue)

Using these dendrograms, we classify demand and wind scenarios into nine clusters as
summarized in Table 2. Instead of manipulating all 90 scenarios, our classification approach
suggests that we may restrict our attention to ”only” nine representative scenarios, provided
each of these nine scenarios is taken from a different cluster. For the purpose of our
assessment, we arbitrarily propose to select the smallest scenario number within each of
the nine clusters (see scenario numbers in bold). Thus, while scenario 3 appears quite
unique in the dataset due to its particular combination of demand and wind data, most
scenarios fall under the ”blue-blue” cluster and can be effectively represented by a single
scenario such as scenario 2. All in all, we thus propose to restrict our assessment to scenarios
1, 2, 3, 4, 9, 11, 12, 23 and 24.
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Table 2: Cross-classification of 90 scenarios into 9 clusters

Wind clusters as per Figure 7
1 (green) 2 (red) 3 (blue)
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F
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6

1
(g

re
en

)

9, 10, 16,
17, 38, 59,

81, 82

24, 30, 74,
75, 88

23, 39, 45,
46, 52, 53,
60, 61, 68,

89

2
(r

ed
)

11, 90 3

4, 18, 25,
32, 33, 40,
47, 54, 62,
69, 76, 83

3
(b

lu
e)

12, 15, 19,
72, 79

1, 5, 6,
13, 26− 28,

31, 51, 56, 66,
73, 77, 78, 80,

84− 87

2, 7, 8, 14,
20− 22, 29,

34− 37, 41− 44,
48− 50, 55, 57, 58,
63− 65, 67, 70, 71

Note: Cross-classification of scenarios according to both wind capacity and demand profiles. The

9 proposed ”representative” scenarios (one per box) are highlighted in bold and (arbitrarily) corre-

spond to the scenario with the smallest numeric identifier.

Figure 8 provides a graphical representation of the descriptive statistics (mean and
standard deviation) associated to the 9 chosen scenarios. For instance, it appears from
this plot that scenario 2 represents (on average) a high-demand / low-wind scenario while
scenario 9 corresponds to a wind-friendly / low-demand scenario. Furthermore, it appears
that in terms of variance, scenario 2 is characterized by relatively higher variability in
demand while scenario 9 sees relatively more fluctuations in terms of wind capacity factor.

Figure 8: Descriptive Statistics for the nine representative scenarios

Notes: Each of the nine chosen representative scenarios is characterized by an ellipse, the centre

of which has the scenario’s mean wind capacity factor (on the x-axis) and mean demand (on the

y-axis) as coordinates. The horizontal axis of each ellipse measures the standard deviation of

corresponding scenario’s wind capacity factor while the vertical axis measures the standard deviation

of the corresponding scenario’s demand.
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Figure 8 further illustrates that, in absolute terms, all scenarios have roughly the same
standard deviation in demand. By contrast, the standard deviation in wind capacity factor
can vary to a significant extent from one scenario to another. For instance, the standard
deviation in wind for scenario 12 appears to be 3.7 times that of scenario 2.

In order to validate our previous choice, we can verify whether our 9 chosen scenarios
roughly cover the whole support of the demand and wind capacity factor. This verification
step is easily performed either by observing that the nine ellipses of Figure 8 tend to cover
different spaces of the ”demand x wind” space, or by visually comparing Figures 9 and 10
with Figures 2 and 4 respectively. All in all, we conclude that our choice of nine scenarios
seems to accurately represent the entire dataset of 90 scenarios.

Figure 9: Demand profiles for the 9 representative scenarios

Notes: Superposition of demand profiles over the 4-day time window for the 9 representative sce-

narios as identified in Table 2

Figure 10: Wind capacity factor profiles for 9 representative scenarios

Notes: Superposition of wind capacity profiles over the 4-day time window for 9 representative

scenarios as identified in Table 2
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4.3 Formulation Strategy in Matlab

Our unit commitment problem described in section 3 is entirely coded in Matlab. The code
uses two main functions. The first one is used to load the data, as well as to shape it for the
optimization algorithm. The second one implements a two-step unit commitment problem
described in details in the present section.

The optimization problem is coded following the CVX syntax. In our formulation, the
objective function is coded in a matrix format which allows to include a tax by defining a
specific parameter in the function. This provides us with greater flexibility for the extensions
conducted in later parts of our analysis. Moreover, the constraints use vectors and loops
over both time and generators whenever possible in order to keep the code as concise and
readable as possible. Many of the constraints are implemented directly as described in
section 3.7

Some of the constraints, however, require special attention. First, we divide the ramp
rate constraint into two different constraints. Recall that each individual unit has to satisfy
its own ramp rate constraint −RRi ≤ gi,t−gi,t−1 ≤ RRi+Gmini ·vi,t where RRi is the ramp
rate of generator i. This constraint can be separated into the maximum ramp-up rate and
the maximum ramp-down rate constraints. So, for t > 1

gi,t − gi,t−1 ≤ RRi +Gmini · vi,t and gi,t−1 − gi,t ≤ RRi
For t = 1, the relevant condition to use in the code is gi,1 ≤ RRi + Gmini · vi,1. In a

similar fashion, recall that constraint (2) establishes that vi,t−zi,t = ui,t−ui,t−1. Therefore,
as explained in the previous paragraph, for t = 1, the relevant condition to use in the code
is vi,1 = ui,1 since zi,1 = 0.

Similarly, the generation limit constraint Gmini · ui,t ≤ gi,t ≤ Gmaxi · ui,t is divided into
two conditions:

Gmini · ui,t ≤ gi,t and gi,t ≤ Gmaxi · ui,t
In our formulation, we will use Gmini = 0. We analyzed the computation time of the

problem when we define positive lower bounds to generation. However, the data has very
tight bounds, and solving this problem is computational intensive. Since the computation
time is significantly larger than when we use Gmini = 0, we chose to use Gmini = 0 allowing
the system to be very flexible.

The problem is coded for each of our 9 representative scenarios (deterministic approach),
and for different wind integration scenarios. This is performed via an inner and outer loop
over both scenarios and wind integration. The outer loops define the wind integration level,
while the inner loop defines a given scenario. So, for each combination of inner and outer
loops, the unit commitment problem is solved. We use wind integration levels from 0 MW
(i.e. no installed wind capacity) to 20,000 MW (i.e. substantial installed wind capacity)
with a used 1,000 MW incremental step.

In this setup, it is important to store the variables which are obtained from solving the
problem in each combination of inner and outer loops. In order to be consistent and for ease
of manipulation, we store the variables in arrays of four dimensions. Indeed, each of our

7For more details, please refer to the code.
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output matrices can be defined according to generator’s ID x time period x scenario number
x installed wind capacity. For quantities that do not vary along one of these dimensions
(e.g. energy or reserve price does not depend upon generator), our output is a sparse
matrix where only the first entry along that dimension is populated. Similarly, profits are
calculated at the generating unit level, so it only populates the first column. Finally, the
optimized objective function value populates the first element (i.e. scalar).

As explained before, we are solving multiple mixed-integer problems. Therefore, and in
order to be able to compute the dual variables, we implemente a two-step procedure. In
the first step, we solve the unit commitment problem, the solution of which determines the
optimal values for all of our six decision variables, in particular for the three binary variables
u∗i,t, v

∗
i,t, and z∗i,t. These values can then be used in a second step where we solve the same

problem while fixing all binary variables to their values given by the solution to the first step.
In other terms, while the decision variables in our first step are {gi,t, ri,t, wt, ui,t, vi,t, zi,t},
they are restricted to {gi,t, ri,t, wt} in the second step as these correspond to continuous
variables. Using this problem, we are able to obtain the dual variables for the price of
energy and reserve.

4.4 Solver Selection and Solution Method

The problems we solve in practice have linear objective functions (as opposed to quadratic
ones as suggested in section 3; we explain this choice in the following section), no quadratic
constraints and involve both continuous and integer decision variables. Such problems
belong to the family of so-called ”mixed-integer linear programming problems”8. For the
purpose of solving our problem, we propose to rely on the solver created by Gurobi9 and
which relies on linear-programming based on a branch-and-bound algorithm.

Below we explain some of the techniques used by Gurobi to solve the problem at hand.
Note that this is a high-level description using the information provided by Gurobi on
its own webpage10. In fact, the model can include sophisticated branch variable selection
techniques. The goal of these methods is to limit the size of the branch-and-bound tree
that must be explored in order to reduce time requirements for solving.

The solver starts by doing a linear programming presolve reduction of the problem.
Presolve refers to a collection of problem reductions. These reductions are intended to
reduce the size of the problem and to tighten its formulation. The idea behind this method
is to determine if multiple restrictions can be reduced to a smaller number of constraints. By
applying this reduction method, the solver does not consider the integrability restrictions
(i.e. capture the discrete nature of some decisions). For example, assume we have the
constraint 2x1 + 2x2 ≤ 1 and assume that x1 and x2 are binary non-negative variable. The
constraint can be re-written as x1+x2 ≤ 1

2 . The only way to satisfy these conditions is with
x1 = x2 = 0 given the non-negativity. Then, both of these variables and this constraint
can be removed from the formulation, which is thus simplified.

After the reduction is done, the solver proceeds to a linear-programming relaxation.

8If we allow for a quadratic objective function, the problem would become a mixed-integer quadratic
linear programming problem which is more computational demanding.

9https://www.gurobi.com/
10https://www.gurobi.com/resource/mip-basics/
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The problem is afterwards solved. Note that if the solution to the relaxed problem happens
to satisfy all of the integrality restrictions, the solution is an optimal solution of the original
mixed-integer programming. If not, the solver uses a branch-and-bound algorithm. The
variable which is used to define the branching becomes a so-called ”branching variable”,
and the branching methods allows to replace the original problem with a series of simplified
problems by dividing the original problem using the ”branching variables”.

The branching algorithm used by Gurobi does not differ from the usual branch-and-
bound algorithm. Indeed, the ”branch’ part of the algorithm is named after the idea
that we can solve the relaxed problem at each node of a search tree, and if we get an
optimal solution which does not satisfy the integrability condition, we should consider two
”branches”. The ”bound” part relies on the fact that an integer solution to a subproblem
in the branch-and-bound method leads to a bound on the optimal objective value of the
original problem. Appendix II presents some details of the algorithm used by Gurobi.

In this procedure used by Gurobi, the fact to have ”strong” incumbents11 and finding
them quickly can be extremely valuable. First, it may not be possible to solve a problem
to optimality in a restricted amount of time. So, we want to have the best possible feasible
solution at termination. Also, the better the objective value of the incumbent node, the
more likely it is that the value of a linear programming relaxation will exceed it and hence
lead to a node being fathomed.

In this context, the solver checks if a good integer feasible solution can be extracted in
the node, even though integrality has not yet resulted due to the branching. For example,
it may be that many of the variables under integer constraint have values quite close to
integers. So, the solver would consider rounding some of these variables to their nearby
values, fixing them to these values, solving the resulting linear programming relaxation, and
repeating this procedure several times in the hopes that all integer variables will satisfy their
integer constraints. If they do, and if the resulting feasible solution has a better objective
value than the current incumbent, the solver replaces that incumbent and proceeds. This
is an heuristic method used by Gurobi.

The last method used by the solver involves the theory of cutting planes. Without
having to resort to branching, cutting planes enable to anticipate and discard fractional
solutions, thereby significantly reducing the space of solutions to be explored by the solver.

The behaviors of most of the strategies and techniques described here can be adjusted
using Gurobi parameters. As explained in the solver webpage, the goal in designing and
building the Gurobi Optimizer has been to make the default settings be as robust as possible
across a broad range of models.

4.5 Time Scale and Problem Complexity

As announced in the previous section, we opt for a linear objective function by using only
the linear term of the generation cost curve. The reason for this resides in the computation
capabilities and time requirements to optimize a mixed-integer quadratic program. Figure

11Suppose the solver solves a linear-programming relaxed problem for some node in the search tree. If
it happens that all of the integrality restrictions in the original problem, the solver assigns this node the
category of a permanent leaf, or ”fathomed”, where it does not has to branch. In addition, the solver denotes
this integer solution as the ”incumbent”.
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11 illustrates how the optimization time scales up when a linear or quadratic objective
functions are respectively used as we increase the periods we are optimizing over, for 1
scenario and 1 wind integration level.

Figure 11: Computation time for our algorithm as a function of the number of periods
considered

Notes: Computation time on the y-axis (in seconds) for a single scenario and a single installed wind

capacity level under linear (blue scatter) or quadratic (orange scatter) objective cost function for

various possible values of T between 1 and 96 periods (x-axis). Quadratic trends (lines) are fitted

through ordinary least squares method. Running Ramsey’s reset test on the null hypothesis that a

second order polynomial would not fit the data better than a linear trend provides an F -value of 151

with p-value lower than 10−20 for the linear objective function and an F -value of 36 with p-value

lower than 10−7 for the quadratic objective function. We may therefore strongly reject the null

hypothesis and conclude that our computation time displays a quadratic complexity irrespective of

the linear or quadratic character of our objective cost function.

Figure 11 shows that each optimized problem with linear objective function takes around
6 minutes for 96 periods. If we optimize 9 scenarios for 21 installed wind capacity levels,
we have to solve 189 optimization problems. This implies 19 hours in total using the linear
objective function. However, if we use a quadratic function the time requirement increases
to 12 minutes by run and 38 hours in total.

The question is what we are losing by using a linear objective function rather than a
quadratic one. First note the coefficients of the quadratic term in the objective function are
small (see Table 1). Indeed, if we assume all the units are operating and are producing at
their maximum capacity, the contribution of the quadratic part to the cumulated marginal
cost is only 2.5% on average, and the median is 1.6%. If the plants are operating at their
minimum capacity, the contribution falls down to 0.8% on average with a median of 0.3%.
In this context, we check the ranking of marginal costs with and without the term associated
with the quadratic term of the cost function. The ranking is different under each situation,
but the order is not too much affected if we drop the quadratic term from the cost function.
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In order to continue the analysis of the consequences of a linear objective function, we
use a simplified version of our program described in section 4.3. Using our code, it is easy to
compute the ”theoretical” / ”idealized” supply curve of our 76-generator network. For this
purpose, we ignore all dynamic constraints (in relation to minimum up/down-time, ramp
rates and start-up costs) and exclusively focus on dispatch cost parameters assuming all
the units are already online. The resulting supply curve for the installed capacity, deprived
from any wind capacity, is provided in Figure 12.

Figure 12: Supply curve for the 76 generators with and without the quadratic term in the
dispatch cost

Note: Supply curve for the 76 generators in our dataset for ISO New England (excluding NEMASS-

BOST) with and without the quadratic term in the dispatch cost.

Figure 12 clearly shows that dropping the quadratic term directly affects the continuity
of the supply function and thereby the continuity of equilibrium prices. In fact, the two
supply curves present very similar shapes but the supply curve obtained using the linear
objective function is not continuous due to the constant marginal cost assumption. There-
fore, we will be losing smoothness by using a linear objective function which will translate,
mainly, into discrete jumps in equilibrium prices.

5 Base Case Results

The present section describes the results obtained for the base case, i.e. ignoring any carbon
tax. For this analysis, we explore each of the installed wind capacity levels illustrated on the
x-axis of Figure 13. Overall, we assess a complete range of installed wind capacities from 0
MW to 20,000 MW, which represents as much as 86.5% of the total installed capacity.

21



Figure 13: Wind Capacity

5.1 Wind Generation and Integration

The first variable of interest is wind generation which directly depends on both the wind
capacity factor and the installed capacity. While the former factor is dependent on any
given scenario, the latter is fixed by the chosen installed wind capacity. Indeed, wind
energy generation is given by the multiplication of the capacity factor multiplied by the
installed capacity. Thus, a higher capacity level will necessarily increase the wind energy
generation level, but the precise level of wind integration will further depend on market
considerations such as demand levels. Figure 14 illustrates our main results.
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Figure 14: Wind generation - Base Case

Note: Evolution of wind generation (y-axis) over the 4-day time period (x-axis) for each represen-

tative scenario (one plot per scenario) and under various installed wind capacity levels (see legend).

It is clear from the above figure, that scenarios 2, 3, 4 and 23 are far less ”wind friendly”
than for instance scenarios 9 or 11. This result is consistent with Figure 8, where we
were already in the position to predict which scenarios had high wind capacity factors.
More generally, we observe from the above figure that, for each scenario, the generation
of wind energy tends to converge point-wise towards the demand profile when subject to
rising installed wind capacity levels, except when there is no wind. Indeed, even under an
assumption of infinite installed wind capacity, the network cannot satisfy demand when
there is no wind and will always continue to rely on conventional energy generation. This
is a direct illustrations of the limits of renewable energies due to the fluctuations of their
sources. The fact that higher installed wind capacity levels do not simply translate into
a mere affinity transformation of a previous level is due to the dynamic interaction with
conventional units. For instance, ramp-rate of minimum up-time constraints may impose
the activity of some units over certain periods of time, therefore affecting the general shape
of the wind generation profile.

One key indicator of interest is the penetration rate of wind energy. More specifically,
the wind penetration rate measures the proportion of demand covered by wind and is
formally expressed by:

Penetration rate =
Total Amount of Wind Energy Produced

Total Demand
(in %)

This rate can be calculated either at the aggregate level (see upper plot in Figure 15)
and for each scenario, or at each individual point in time (at the hourly step) and across
scenarios. This latter approach ultimately provides access to the statistical distribution of
wind integration for each installed wind capacity level (see bottom plot in Figure 15) and
could be particularly informative to select a desirable level of wind capacity.
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Figure 15: Wind Integration - Base Case

Note: The upper plot illustrates the dependency of the total wind penetration rate with installed

wind capacity levels for each of the 9 representative scenarios separately. The bottom plot illustrates

the distribution of hourly wind penetration rates across all nine scenarios for various installed

wind capacity levels in the form of boxplots. The median (second quartile) of the distribution is

represented by the red horizontal line within the blue box, which indicates the first and the third

quartiles. Black whiskers depict extreme points not yet considered as being outliers while outliers

are individually shown as red crosses.

It is clear from the first plot that the penetration rate of wind power is highly dependent
on the chosen scenario of demand and wind. In fact, highest penetration rate is achieved for
scenario 12. We further note that, as we increase the installed capacity level, the slope of
some of the lines tends to flatten. This implies that, at very high installed capacity levels,
the addition of more wind capacity would only marginally enable to integrate more wind
into the network, leading to an inefficiency. This is an interesting result, since it suggests
that there exists an optimal level of wind capacity. Such level would need to be determined
by the comparison between the expected profits from an additional unit of wind capacity
and the fixed costs involved for such a decision.

From the second plot, we conclude that, as wind capacity is increased, it becomes -
occasionally - possible to supply the whole demand with wind for a specific hour. Yet, most
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of the distribution mass remains at levels strictly lower than 100% and each distribution
in our dataset includes at least one point in time12 when none of the demand is supplied
by wind (0% points). As a consequence the median of the distribution does not increase
as rapidly as the first quartile. Since installing new wind capacity has a cost, this second
plot again shows that there exists an optimal wind capacity for the overall market. In the
following section, we are going to conduct additional analyses which allow us to determine
such optimal wind capacity level for the ISO New England network.

5.1.1 Conventional Generation

As explained in the previous section, the level of wind generation generally increases with
the installed wind capacity level. Since demand is given exogenously, other generation
sources need to be displaced to accommodate for more wind power. This section analyses
the effects of wind penetration rate on the conventional sources such as coal, nuclear, natural
gas and fuel oil.

Coal is not as flexible as other fuels, and the operation cost is lower than for natural gas
or oil. As a consequence, as illustrated by Figure 16, coal is easily displaced in wind-friendly
scenarios such as 9, 11, 12 and 24. By contrast, scenarios 1, 3, 4 and 23 require very high
levels of installed wind capacity levels in order to start pushing some coal out of the market.
Finally, scenario 2 never manages to displace any coal, which will be of particular interest
when we will introduce a carbon tax into the system.

Figure 16: Coal Generation as Percentage of Demand - Base Case

Note: Evolution of coal generation (y-axis) over the 4-day time period (x-axis) for each representative

scenario (one plot per scenario) and under various installed wind capacity levels (see legend).

12This is consistent with Figure 14, where it appears for instance that scenario 2 or 23 have a couple of
hours with no wind generation at all.
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Nuclear is the most inflexible sources due to its very high start-up costs. As a con-
sequence, displacing nuclear requires both high wind levels and very large installed wind
capacity levels (see Figure 17). Note that, in scenarios 9, 11, 12 and 24, it is possible to
completely displace nuclear at certain points in time. This results is consistent with the
very high penetration levels depicted in Figure 15.

Figure 17: Nuclear Generation as Percentage of Demand - Base Case

Note: Evolution of nuclear generation (y-axis) over the 4-day time period (x-axis) for each rep-

resentative scenario (one plot per scenario) and under various installed wind capacity levels (see

legend).

Natural gas and fuel oil are the most expensive conventional sources in our database.
Consequently, in the ISO New England, it can be expected that wind power is likely to
have largest impacts on those two forms of conventional energy. Figures 18 and 19 confirm
this prediction for each of those two sources. Most strikingly and contrary to the case of
coal and nuclear, even scenario 2 now sees a drop in natural gas and oil.
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Figure 18: Natural Gas Generation as Percentage of Demand - Base Case

Note: Evolution of natural gas generation (y-axis) over the 4-day time period (x-axis) for each

representative scenario (one plot per scenario) and under various installed wind capacity levels (see

legend).

Figure 19: Oil Generation as Percentage of Demand - Base Case

Note: Evolution of fuel oil generation (y-axis) over the 4-day time period (x-axis) for each rep-

resentative scenario (one plot per scenario) and under various installed wind capacity levels (see

legend).

It is important to note that oil is only used as a peaker energy source and exclusively
during specific hours of the day. Therefore, the percentage of the demand supplied by oil
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remains generally very low (less than 10% of total load in any of our chosen scenarios). The
effects of wind power on oil integration therefore appear to be limited in absolute terms.

5.1.2 Energy Prices

In the previous section, we have shown that wind is highly adequate to displacing oil and
natural gas. As explained in section 2, this will affect the average price as well as the
variance of the price distribution since wind power depends on wind availability. This
section analyses the effect of wind integration on the energy price.

Figure 20 presents the evolution of prices under our nine selected scenarios and for
various installed wind capacity levels.

Figure 20: Evolution of Energy Prices - Base Case

Note: Evolution of energy prices (y-axis) over the 4-day time period (x-axis) for each representative

scenario (one plot per scenario) and under various installed wind capacity levels (see legend).

The reader may be wondering why all the price profiles shown in Figure 20 display an
initial market price of about 400$/MWh in the very first hour of the time window under
investigation. The reason behind this very large price is that our model assumes all units
are initially turned off. Therefore, the most flexible but also most expensive units are
required to meet overall demand. Indeed, more cost-friendly units are subject to stringent
ramp-rate constraints that seriously limit their ability to cover the initial demand.

According to the above plots, market price levels seem to jump between a limited number
of possible levels. On top of being directly dependent on the evolution of demand, energy
prices appear to be very sensitive to the installed wind capacity level, with certain spikes
at the (approximately) 300$/MWh level appearing only for given installed wind capacity
levels. Depending on the chosen scenario, such spikes appear more or less frequently. For
instance, only two price spikes appear in the worst-case situation with no installed wind
capacity (i.e. W = 0) for the wind-friendly scenario 24, while scenario 2 sees - with certainty
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- at least one price spike irrespective of the chosen level of installed wind capacity.
The effect explained on the previous paragraph has been anticipated in section 4.5 and

can be expected to be less pronounced if we were to run our code using a quadratic objective
cost function. Moreover, this is expected since the introduction of wind generation has zero
marginal cost, and hence, when wind is not available we need to turn on very expensive
and flexible units.

With the exception of such sudden spikes, the evolution of prices is roughly consistent
from one wind capacity level to the other. More precisely, we can observe that, as higher
levels of wind capacity are reached, prices seem to decrease on average. This is intuitive
as wind power is assumed to have a zero marginal cost. In order to substantiate this
observation more clearly, we propose to inspect different boxplots describing the hourly
distribution of prices for the different wind capacity levels.

Figure 21: Distribution of Energy Prices as a Function of Installed Wind Capacity Levels
- Base Case

Note: The median (second quartile) of the price distribution is represented by the red horizontal line

within the blue box, which indicates the first and the third quartiles. Black whiskers depict extreme

points not yet considered as being outliers while outliers are individually shown as red crosses.

Figure 21 shows that, as we move to higher levels of wind capacity, the median shifts
to lower values. A very interesting result from this plot is that outlier values (in red)
tend to become smaller with increased installed wind capacity. By contrast, we note that
the interquartile range tends to increase with higher wind capacity levels. Whether the
overall variance of prices decreases or increases with installed wind capacity needs to be
separately calculated as it cannot be clearly visualized on the boxplots. Figure 22 presents
the evolution of the standard deviation of energy prices for different levels of installed wind
capacity.
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Figure 22: Energy Price Standard Deviation - Base Case

In the figure we can see that the decrease in the standard deviation of prices is faster
for low levels of wind capacity. As we increase the capacity, the slope of the decrease of the
standard deviation reduces, meaning that the gain in terms of the reduction in the price
variance becomes smaller. This result can respond to two factors. First, if we include too
much wind into the system, the distribution of the residual demand will be changed in such
a manner that the decrease in the price standard deviation might not only stop, but also,
it might eventually increase. Second, this fact can respond to the actual plants operating
into the market. If wind integration is very high, and demand cannot be served by more
wind, then the flexible units have to be used. If we already have online flexible units as gas
(which are not as expensive as oil), the price variance can be expected to decline. However,
if wind also displaces gas, the most expensive units may have to be turned on since those
will be the most flexible ones.

Figure 23 takes a closer look at the changes in the distribution of residual demand
under increasing installed wind capacity levels and for each of our nine selected scenarios.
For this purpose, we fitted a normal distribution. The residual demand is defined as the
difference of the demand and the wind generation. This means that the residual demand
has to be supplied with conventional electricity sources. We can see in these series of nine
plots that, as wind integration increases (lighter-gray colors) the distribution mean value
of the residual demand decreases, while the variance increases.
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Figure 23: Distribution of Residual Demand - Base Case

Note: Evolution of the residual demand distribution, fitted as a normal, with increased installed

wind capacity levels.

The standard deviation analysis presents an interesting result. First, we can see that
the variance of the residual demand increases as the system has a larger share of wind
capacity. Yet, the standard deviation of the energy price decreases as the wind installed
capacity increases. We can explain this situation with the combination of two factors: (1)
the displacement of very expensive units by wind, (2) there are still flexible units (natural
gas) on which can be ramped-up without facing large costs when wind generation is limited
or not available. This observation is partly driven by the fact that we assume Gmin = 0,
as this allows for a particularly flexible response.

5.1.3 Profit and Market Industry

Analyzing the effect of wind integration on the aggregate profit and the average profit is
important to understand the producer surplus in this market as well as the overall market
dynamics. The description we have provided so far, has a direct connection with firms’
profit. In fact, if prices are smaller, revenue levels necessarily decrease for conventional
producers. In addition, if some specific fuels are displaced, the average profit of those
specific firms will further decrease.

Figure 24 presents the aggregate profit in the ISO New England market after the intro-
duction of wind power in the network.
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Figure 24: Dependence of Profits on Installed Wind Capacity Levels - Base Case

Note: Producer profit as a function of installed wind capacity levels for each of the nine represen-

tative scenarios as well as the average thereof (in red) for all producers in aggregate (left chart), for

conventional producers only (middle chart) and for producers of wind power (right chart).

As we can see in the above figure, the overall producer surplus decreases as more and
more wind capacity is installed. The reason for this is that the increase in the profit of
wind generators is too small to compensate the drop in the profit of conventional producers.
Note that, as wind penetration rises, it reaches a point (around 12,000 MW of installed
wind capacity) at which the average profit achieves a maximum. A priori, this suggests
that there is a capacity level at which wind generators would be maximizing their profit.
Since our chosen scenarios cover the entire scope of possible demand x wind scenarios but
are not weighted by any frequency of occurrence, we may not yet conclude that the level
identified on Figure 24 corresponds to the actual optimum of the problem.

Note that the dynamics seen in the previous graph respond mainly to the changes in
prices described previously. Moreover, conventional generators are producing less and this
decreases the conventional profit. Now, these dynamics may be fundamentally different
depending on the underlying fuel type. Figure 25 thus investigates the profit by fuel type
as a function of installed wind capacity.
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Figure 25: Decomposition of the Scenario-Averaged Producer Profit by Conventional Fuel
Type as a function of installed wind capacity - Base Case

The entry of wind clearly affects the profit of conventional plants. Figure 25 shows
that the introduction of the very first wind units have the highest (negative) impact on the
profit of conventional plants when looking at averages across our nine selected scenarios.
Moreover, note that oil reaches profit levels which are close to zero as early as wind capacity
reaches 4,000 MW. This may appear to be problematic since those flexible plants are likely
to be pushed out of the market in the long-run, leading to potential reliability issues as
soon as intermittency of wind stikes.

From this analysis we can conclude that conventional plants are, on average over our
nine selected scenarios, worse off given that the energy price tends to decrease due to the
introduction of wind power, and the generation level is also smaller. The next section
presents an analysis of producer revenues which, at the same time, represents the cost to
consumers.

5.1.4 Consumers’ Cost

Consumers pay for the electricity as well as the reserve. This amount is equivalent to the
revenues collected by generators. This section presents an analysis of these two variables.

The total consumer cost is given by the energy and reserve payment. This means that

Consumers’ Cost =
T∑
t=1

P et wt +
T∑
t=1

N∑
i=1

P et gi,t +
T∑
t=1

P rt

N∑
i=1

ri,t

where P et is the energy price in period t, P rt is the reserve price in period t, and gi,t and
ri,t are the generation and reserve in unit i at period t. Finally, wt is the wind generation
in period t.

Figure 26 presents the consumers’ cost as well as its decomposition into conventional
energy, wind power, and reserve costs as a function of installed wind capacity.
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Figure 26: Consumer Costs (in Total as well as Decomposed into Conventional Energy
Cost, Wind Power and Reserve Costs) as a Function of Installed Wind Capacity - Base
Case

Note: The red line is the average cost across the nine representative scenarios. The green line depicts

the average proportion of each of the components in total costs. This value is on the secondary

axis.

As we can see on the above chart, consumers benefit from a lower overall cost thanks
to the introduction of wind generation. The more wind power is generated, the lower the
consumer cost tend to be. This holds true in general for each of our nine representative
scenarios and in particular for the average across scenarios. While the shape of the reserve
cost component appears to be surprising, it is important to note that, in magnitude the
effect of reserve cost on the overall cost is de minimis. Indeed, the maximal proportion
of total costs due to reserve costs remains negligible and below 6·10−4 %. On average
across our nine scenarios, wind costs account up to 12% of total costs and seem to achieve
a maximum at around 11,000 MW. By contrast, the average trend over both total and
conventional energy costs displays a strictly decreasing trend without converging to any
particular level at the range of wind levels considered here (namely up to 20,000 MW).

The ISO New England webpage establishes that 14.8 million people live in the area of
the market.13 Using this information in conjunction with the results presented in Figure
26, we can retrieve the actual per capita consumer cost (see Figure 27).

13https://www.iso-ne.com/about/key-stats/
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Figure 27: Per Capita Consumer Cost - Base Case

Note: The red line is the average cost per consumer across the nine representative scenarios. The

cost per capita was calculated using the number of people living in the IS New England area (i.e.

14.8 million people).

As we can see on the above chart and when considering the average cost value across
the nine scenarios, the per capita consumer cost substantially decreases from approximately
$9.0 to $3.5 when wind capacity reaches 20,000 MW. This represents a percentage decrease
of 61%. Yet, note that the slope of this decrease becomes flatter as we move to higher levels
of wind capacity, following the overall shape of total consumer costs depicted in Figure
26. Moreover, it is important to note that the differences between individual scenarios is
substantial. The difference between the best- and worse case envelope of our nine scenarios
appears to remain more or less independent on the installed capacity level and amounts to
approximately $5.

5.1.5 Operation Cost

In an earlier section, we have shown that the introduction of wind is displacing mainly oil
and natural gas. Yet, coal can also be displaced when the scenario is wind-friendly and
when we have high levels of installed wind capacity. Since we assumed that wind has zero
marginal cost, this situation will affect the operation costs of generators.

Figure 28 shows the operating costs for our nine representative scenarios as a function
of installed wind capacity. Irrespective of any given scenario, operating costs appear to
strictly decrease with higher wind capacity levels. This observation is quite intuitive as
the most expensive units are progressively being pushed out of the market as soon as more
wind power is integrated into the network.
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Figure 28: Operating Costs - Base Case

Note: The red line is the average cost per consumer across the nine representative scenarios.

In order to appreciate the benefit of each individual MW of additional installed wind
capacity unit, we can propose to compute the marginal decrease of installed wind capac-
ity. This marginal gain represents the reduction in the operating costs as we increase the
installed capacity of wind14 (see Figure 30).

Figure 29: Marginal Benefit - Base Case

Note: The marginal benefit is the reduction of operating cost per installed MW of wind. The red

line is the average marginal benefit across the nine representative scenarios.

As expected, the first units appear to have a large marginal benefit. However, as we
increase the level of wind capacity, such benefits in terms of operating cost reductions per

14This marginal curve was approximated linearly given the different observations we have.
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unit decrease.
From a cost-benefit perspective, investment in new MW of wind has to be done as

long as the benefits are greater than the marginal costs of that unit, which is given by
the investment cost, land cost, among others. The U.S. Energy Information Agency (EIA)
estimates15 that the construction cost of wind power facilities from 25 to more than 200
MW ranges from 1,676 to 1,268 dollars per killowat in 2018, depending on the size of the
facility. These values are presented in Table 3. The same agency16 establishes that wind
turbines are designed with lifespans of between 20 and 25 years. Assuming that the capacity
factor is constant throughout the whole life of the turbine, the annualized investment cost
is given by:

Table 3: Construction Cost of Wind Farms (2018) per MW

(unit) 25-100 MW 100-200 MW +200 MW

Investment ($/KW ) 1,676 1,435 1,268
Lifespan (Years) [20,25] [20,25] [20,25]
Annualized Investment (k$/MW ) [67.0,83.8] [57.1,71.8] [50.7,63.4]
Average Annual Investment (k$/MW ) 75,420 64,425 57,060

Note that this analysis does not consider land-cost and the impact of wind on birds and
other animals. Hence, the costs values presented in the previous table are a lower bound
to the true total costs.

Following Figure 30, the following plot presents the range of annual expected marginal-
benefit as well as the investment costs. This plot assumes that the marginal benefit obtained
for a 4-day period can be extrapolated to the whole year.

15EIA (2020). Average U.S. construction costs for solar and wind generation continue to fall.
16EIA (2017). Repowering wind turbines adds generating capacity at existing sites.

37



Figure 30: Cost-Benefit Analysis - Base Case

Note: The marginal benefit is the reduction of operating cost per installed MW of wind. The shaded

area represents the range of marginal benefits for our representative scenarios.

Figure 30 shows a range for optimal investment levels depending on the size of the
facilities. This figure shows that for a capacity level below 3,000 MW, any type of facility
will have a greater annual marginal benefit than the annualized per unit investment cost
in any of the 9 scenarios. Moreover, if we aim to build small size facilities, the lower bound
for the optimal level investment level is reached at 3,000 MW. For the other sizes this lower
bound is reached at 5,500 MW for 100-200 MW facilities and 7,500 for the larger facilities.
Note that when we reach the lower bounds mentioned before, we would need to assign
probabilities to each of the different scenarios in order to define the optimal wind capacity
level.

6 Wind Integration and Carbon Taxes

Carbon emissions generate a welfare loss due to their role in climate change. Let Ei,t(gi,t)
be the emissions of generating quantity gi,t by generator i in period t. Let Ce,t(Et) be

the emissions damage function where Et =
∑N

i=1Ei,t. In this context, the social welfare
function for a given period t is given by:

Bt(Dt)−

(
Ce,t(Et) +

N∑
i=1

(big
2
i,t + aigi,t +NLCiui,t + SUCivi,t)

)
Recall that the demand is inelastic and endogenously given. Then, maximizing the

social welfare function for all the period is equivalent to minimize the social welfare cost
function given by

T∑
t=1

(
Ce,t(Et) +

N∑
i=1

(big
2
i,t + aigi,t +NLCiui,t + SUCivi,t)

)
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Assume the damage function is linear in emissions and the marginal damage is given
by ce,t so that Ce,t(Et) = ce,t

∑N
i=1Ei,t(gi,t) is the externality generated by generator i. In

order to internalize this effect, we can establish a carbon tax such that its rate τt = ce,t.
Thus, our social welfare cost function becomes:

T∑
t=1

N∑
i=1

(
big

2
i,t + aigi,t +NLCiui,t + SUCivi,t + τtEi,t(gi,t)

)
The marginal damage can be represented by the social cost of carbon (SSCt). So, under

the introduction of a carbon tax, the revised objective function to minimize becomes:

T∑
t=1

N∑
i=1

(
big

2
i,t + aigi,t +NLCiui,t + SUCivi,t + SSCtEi,t(gi,t)

)
The carbon tax is thus expected to change the optimal commitment solution as more

polluting plants will generate larger emissions. In this section, we aim at determining the
effects of a carbon tax on top of the introduction of wind power.

6.1 Emission factors

For the assessment of the effect of a tax on CO2 emissions, we use additional information
about the quantity of CO2 that is emitted per kWh of electricity. Such emission factors
primarily depend on the fuel type and the facility’s efficiency. As we do not have access
to more precise information about the generators in our database, we will assume, for
the purpose of the present assessment, that emission factors only vary by fuel type. While
nuclear and wind power do not emit any CO2 and will be considered to have a zero emission
factor, we will use average 2018 emission data for US electricity generation as provided by
the US Energy Information Administration (Frequently Asked Questions (FAQs) - U.S.
Energy Information Administration (EIA), n.d.) (see Table 4).

Table 4: USA Electricity generation and CO2 emissions 2018

electricity production
(GWh)

emissions
(MtCO2)

Emission factor
(tCO2/MWh)

Tax
($/MWh)

coal 1 124 638 1 127 1.002 50.11
natural gas 1 246 847 523 0.419 20.97

fuel oil 21 860 21 0.961 48.03

Notes: This data includes electricity generation and CO2 emissions according to the EIA, for the

entire United States in 2018, as well as the resulting emission factors and tax rates per MWh (under

the assumption of a 50$/tCO2 carbon tax level) for each of coal, natural gas and fuel oil.

Following Table 4 and our simplifying assumptions, the emissions levels can thus be
defined as:

Ei,t(gi,t) = ηjgi,t
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where ηj is the emission factor of fuel j. Then, the objective function to minimize
becomes:

T∑
t=1

N∑
i=1

(
big

2
i,t + aigi,t +NLCiui,t + SUCivi,t + τηjgi,t

)
As explained in the previous subsection, we propose to use a carbon tax rate set at

the social cost of carbon, which reflects the economic harm due to the emission of one
additional ton of CO2 today. According to EDF, [t]he current central estimate of the social
cost of carbon is over $50 per ton [of CO2] in today’s dollars. While this is the most robust
and credible figure available, it does not yet include all of the widely recognized and accepted
scientific and economic impacts of climate change. For that reason, many experts agree this
is far lower than the true costs of carbon pollution.17 While the precise value of the social
cost of carbon is currently subject to a wide range of estimates, the value proposed by EDF
appears to be a fair ballpark figure.

Irrespective of the precise value for the social cost of carbon, it is clear that coal and
fuel oil for combustion is more than twice as polluting than the combustion of natural gas.
The adoption of a carbon tax should therefore mechanically advantage natural gas units,
as coal and fuel oil units will be penalized. By contrast, nuclear power is not subject at
all to the carbon tax and is unlikely to benefit from the adoption of a carbon tax given
its inherent cost advantage over other conventional fuels. Such effects can be expected to
increase with the chosen carbon tax level.

6.2 Results: Tax and Wind Integration

This section presents the results for the case when we include a carbon tax as described
in the previous section. It is important to note that the amount of wind generated is
independent of the tax and only depends on the wind capacity factor and the chosen
installed capacity. Moreover, since demand is given and assumed to be inelastic, the tax
will not affect the demand levels either. As a consequence, the integration levels presented
in the base computation also apply to this alternative case.

By contrast, the introduction of a carbon tax will have a direct impact on the fuel
mix between conventional power generation. As we have already shown that the level of
installed wind capacity also has a direct impact on the fuel mix (as it enables to displace
some of the expensive units), the sensitivity to the tax can be expected to be higher for
significant installed wind capacity levels. Figure 31 presents the average generation values
across our nine chosen scenarios for the different fuels and wind capacity levels. In this
plot, we only present coal, gas and oil since these are the only fuels affected by the tax.

17https://www.edf.org/true-cost-carbon-pollution
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Figure 31: Evolution of Coal, Natural Gas and Fuel Oil Power Generation - With and
Without Tax

Note: Evolution of coal (red), natural gas (blue) and fuel oil (green) power generation over the 4-day

timeframe with (dashed) and without (plain) a carbon tax of 50$/tCO2 and for 20 different installed

wind capacity levels. The output corresponds to the average across our nine selected scenarios.

From the plot, it appears that the introduction of a carbon tax favors natural gas
generators over coal and fuel oil generators. Indeed, the results show that the output of
natural gas generators increases under the tax scenario, while the output of each of coal
and oil decreases. Moreover, the displacement of coal is larger than oil since the emissions
factor of coal is larger. In the following section we discuss the implications of these changes
in the equilibrium generation on the other variables of interest.

6.2.1 Effect of Taxes on Prices and Profits

The situation presented in the previous paragraphs will have a direct effect on prices. Figure
32 presents the distribution of prices with and without a carbon tax.
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Figure 32: Price Distribution - With and without Tax

Note: Boxplots summarizing the distribution of the market price without (left plot) and with

(right plot) a carbon tax of 50$/tCO2 for various levels of installed wind capacity levels across our

nine selected scenarios. The median (second quartile) of the distribution is represented by the red

horizontal line within the blue box, which indicates the first and the third quartiles. Black whiskers

depict extreme points not yet considered as being outliers while outliers are individually shown as

red crosses.

From the previous figure, we conclude that, for all the wind capacity levels, the price is
higher under the tax regime. This is a relevant result we must keep in mind since the tax
will have distributional effects since electricity is an essential good, and poor peoples will
be affected by the higher prices. While median energy prices will reach higher levels under
the tax, the distribution of prices under the tax regime still reaches similarly low values. In
this sense, the next plot presents the comparison of the energy prices’ standard deviation:
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Figure 33: Wind Generation - With Tax

As we can see, the adoption of a carbon tax increases the standard deviation of energy
prices. As wind generation is independent of the inclusion of the tax and the residual
demand remains unchanged, this observation is primarily due to the effect of the carbon
tax on peaker generators relying on fuel oil. As these generators are still highly necessary
to adjust generation, their usage translates in a greater fluctuation of the market price.

We already know from the case without a carbon tax, that the displacement of conven-
tional sources will decrease the average profit of those sources. The following figure presents
the impact of installed wind capacity on the average profit across our nine scenarios, de-
composed by conventional fuel type.
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Figure 34: Profit of Coal, Natural Gas and Fuel Oil Power Generators as a function of
installed wind capacity - With and Without Tax

Note: The gross profit is the profit before the payment of the tax. The net profit is the profit after

the payment of the tax.

Figure 34 illustrates the effect of a carbon tax on coal, natural gas and fuel oil power
generators as a function of installed wind capacity. As we can see, in all the cases, the
average profits across our nine scenarios decrease as the wind capacity increases. The
reason is that the effect of the wind capacity combines with the effect of the tax. Therefore,
we should create methods to attract long-term investment as some units might leave the
market.

Moreover, the figure shows that the gross profit is higher since the price increases due
to the effect of the tax. However, the plants have to pay for the tax, and hence, the net
profit is below the base average profit for both coal and oil. Indeed, the tax has a large
effect on the coal plants on average. Different is the situation of natural gas in which the
net profit is similar to the profit in the base case. This situation will provide incentives to
coal plants to invest in abatement technologies or leave the market. Moreover, this might
be showing that the tax we are using for this section is to aggressive since we are forcing
coal plants to have losses as wind capacity increases.

6.2.2 Industry Profit and Consumer Costs

The combination of an increase in the price will favor the overall profit of the industry.
The following figure presents the average total profit across our 9 scenarios, as well as the
conventional and wind profit for the tax case as well as the situation without the tax.
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Figure 35: Aggregate Industry Profit as a function of installed wind capacity - With and
Without Tax

As we can see, the introduction of the tax translates into a larger average industry profit
across our 9 scenarios relative to the base case. In order to reconcile Figures 34 and 35,
we need to consider that figure 34 does not consider nuclear plants and wind generation.
Moreover, Figure 35 does not show the individual effects by fuel, and it is an industry
measure which shows that the increase of the price compensates the other effects produced
by the tax. This represents a transfer of surplus from the consumers to the producers, and
also, the government. Recall that the incidence of a tax depends on the elasticity of the
demand and the supply. In fact, the consumers have to pay a larger price for the energy,
and since the demand is inelastic, this means that consumers’ have to face a larger cost.
Below we present the average cost consumers face in this market, with and without the tax,
across our 9 scenarios:
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Figure 36: Consumers’ Cost as a function of installed wind capacity - With and Without
Tax

From the previous figure it is clear that there is a surplus transfer from the consumers
to the producers and the government. Indeed, the larger energy price affects the consumers.
Yet, we can still see that the highest the wind capacity, the cost paid by the consumers
is still decreasing. In this case, the percentage decrease in consumers’ cost is marginally
smaller than the values presented when we did not have the tax (i.e a decrease of 50%).
This shows that the introduction of the tax offsets marginally the decrease in the total cost
faced by the consumers. Finally, using the same population level we presented before, we
computed the per capita cost:
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Figure 37: Consumers’ per Capita Cost as a function of installed wind capacity - With and
Without Tax

As we can see, the average cost is 3 dollars higher per consumer due to the tax. This
situation will generate distributional effects on the economy. However, we could advice to
the policymaker to use the tax revenue to make a direct transfer to consumers to offset the
effect of the price increase.

6.2.3 Social Welfare: Having a carbon tax is good?

As explain in the theory section, the aim of the system operator is to maximize the social
welfare. From the extension presented in this section, we know that the social welfare cost
is defined by:

aigi,t +NLCiui,t + SUCivi,t + SSCtEi,t(gi,t)

Recall that we are using a linear cost function given the computational advantages this
function has over the quadratic one. In previous sections we have explored the effect of the
tax on different variables of interest. This section explores the effect of the tax on the social
welfare and compares the result with the case without the tax. In order to conduct this
analysis, first note that the introduction of the carbon tax affects which fuels are producing.
This will have a direct impact on total emission. Below we present the emissions under the
tax regime and without the tax.
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Figure 38: Total Industry Emissions as a function of installed wind capacity - With and
Without Tax

As we can see in the plots, total emissions decrease faster as we increase the wind
capacity when we use a carbon tax than without the tax. Moreover, emissions are smaller
with the tax than without it for all wind capacity levels. This is showing that the tax
achieves its objective. Moreover, note that there is an inflection at 10,000 MW. This is
showing that the decrease of emissions per MW of installed wind slows down after we reach
10,000 MW. Recall that multiplying these emissions levels by 50 (social cost of carbon)
gives the economic costs of emissions.

The second component of the social welfare cost is the operating cost. The following
plot presents the operating cost for both situation, with and without the tax. Note that the
optimized objective function of the scenarios with tax include both the emissions damage
function and the operating cost. Hence, we subtracted the damage function from the
optimized objective function for those scenarios in order to identify the operating costs.
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Figure 39: Operating Cost as a function of installed wind capacity - With and Without
Tax

The figure shows that when we introduce the tax we have an increase in operating
costs. The reason is that we are using less polluting but more costly generating units. The
following figure presents the total social welfare and the marginal benefit (decrease of social
cost plus pollution costs per unit of MW installed).

Figure 40: Aggregate Social Cost and Marginal Benefit as a function of installed wind
capacity - With and Without Tax

As we can see in the plot, the social cost is smaller with the tax than without the tax.
Then, having a tax is optimal given that it internalizes the emissions costs. Moreover, we
can see that the first units have a large marginal benefit, and this benefit is larger when
we have the tax. However, the marginal benefit is decreasing in the level of wind capacity
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and we reach to similar marginal values with and without the tax. Similarly to what we
did for the base case, we present the cost-benefit analysis for the tax scenarios. As we can
see in this plot, for any value below 8,000 MW it is optimal to invest in any wind facility
of any size in our 9 scenarios. Yet, this is not the optimal level, since this would require
estimating expectations using the 90 scenarios.

Figure 41: Cost-Benefit Analysis - With Tax

Note: The marginal benefit is the reduction of operating cost per installed MW of wind. The shaded

area represents the range of marginal benefits for our representative scenarios.

7 Conclusion

In this project we have solved a unit commitment problem to determine the effect of wind
penetration on the ISO New England. In the base case, we considered 21 scenarios for the
installed wind capacity, from 0 MW to 20,000 MW. In the tax calculation, we incorporated
a carbon tax equal to a social cost of carbon of $50 per ton. The analysis includes, but is
not limited, to the change of average and industry profit, average price and price variance,
consumers’ costs, emissions, social welfare, and generation as we increase wind or introduce
the carbon tax.

In this project, we chose 9 representative scenarios from the 90 possibilities present on
the data. For this, we used a machine learning algorithm for agglomerative clustering in
order to classify both our demand and wind capacity databases into three clusters each.
Using these clusters we define our 9 representative scenarios. In addition, we realized a
computing time analysis, concluding that using a linear objective function represents large
computing time gains and minor continuity losses.

The results for the base case scenario show that the increase of wind capacity translates
into lower operation. Indeed, wind will displace oil and natural gas from the market, and
in less intensity coal, which are more expensive than wind. Recall that wind was modeled
as zero marginal cost. This situation shifts the energy price distribution to lower median
values. In addition, this price variance decreases as we allow the system to respond flexibly
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to the introduction of wind. The direct consequence of all these effects, is a decrease
in the average and industry profit. In this sense, we recommend policy makers to plan
accordingly for the long-run since it is expected the exit of controllable sources of electricity.
Moreover, consumers’ will face a lower cost due to the decrease in the energy cost. Indeed,
we calculated that the marginal benefit of wind can be as high as $5,000 when there is
no wind, to around $1,000 per MW when wind capacity is 20,000 MW. We conclude that
if the policy maker is not planning to use a carbon tax, any investment below 3,000 MW
would create social value. However, for values over this threshold a more careful calculation
should be conducted.

In addition to the base case, we analyzed the situation in which we use a $50 per ton
carbon tax as we increase wind capacity. In this case, coal is the most affected fuel as
it is the more polluting one. In fact, coal and oil facilities’ average profit is below the
profit these facilities receive in the base case. We expect that this reality will create the
incentives for firms to invest in abatement technologies. Moreover, natural gas facilities will
generate more than in the base case scenario, and as a consequence, the operating cost will
be higher and there will be a surplus transfer from the consumers to the industry and the
government. Indeed, the consumers per capita cost is 3 dollars higher than the base case
due to the tax. Yet, emissions are smaller with the tax than without it, and thus, the social
welfare is higher with the tax than without it. This situation shows that firms internalize
the pollution cost they impose to society. Finally, the marginal benefit of wind capacity
increases when we have a tax, and any wind capacity below 8,000 MW will be optimal in
our 9 scenarios.

In conclusion, we propose to use a tax together with the introduction of wind facilities.
Yet, this will generate a direct impact on consumers. We advice policy makers to use the
tax revenue as a subsidy or direct transfer to compensate for the energy price increase due
to the tax. Moreover, the government can use the tax revenue to provide cheap financing
for abatement technologies so as to facilitate the access to these technologies in coal and
oil facilities. If not, we fear that this facilities will exit the market in the long-run and we
will loss capacity to respond to the residual demand. Finally, we conclude that for any
type of facility, there is social value creation under our 9 representative scenarios if the
overall installed wind capacity is below 8,000 MW. Yet, this is not the optimal level, since
computing this amount would require using the 90 scenarios and estimating expectations
for those scenarios.
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Appendix I: Generators Data Description

The data used for this project includes three files. The first dataset about generators pro-
vides key information about 76 generators located in ISO New England. Besides their lo-
cation specified by New Hampshire (NH), Connecticut (CT), Southeastern Massachusetts
(SEMASS), Vermong (VT), Rhode Island (RI), Maine (ME) or Western/Central Mas-
sachusetts (WCMASS)18, our data comprises information about the following key technical
parameters:

� fuel type: fuel oil (RFO), nuclear (NUC), coal (BIT and SUB) or natural gas (NGA1,
NGA4, NGIR, NGLN, NGMN, NGPN, NGT1, NGT2, NGT4, NGTN). We assigned
a numeric code of 1 for coal, 2 for natural gas, 3 for nuclear, and 4 for fuel oil;

� capacity: total installed capacity is 23,100 MW, with generators ranging from 43 MW
to 1,244 MW (with an overall mean of 304 MW);

� minimum generation: when all 76 generators are turned on, the minimum generation
is 8,694 MW and corresponds to 37.6% of the installed capacity. More specifically,
the minimum generation represents 35% of capacity in the case of fuel oil plants, 80%
in the case of nuclear plants, 40% in the case of coal power plants and 20% in the
case of gas power plants;

� minimum up-time: from 1h to 24h, with an overall average of 10h;

� minimum down-time: from 1h to as much as 60h, with an average value of 12h;

� ramp rate: from 120 MW/h to 400 MW/h, with an overall average of 286 MW/h;

� start-up cost: from $0 to as much as $950,000, with an average of $85,000 and a
median of $11,000 (i.e. distribution is heavily skewed);

� three coefficients for a dispatch cost: a no-load cost (in $/h), a linear coefficient
(in $/MWh) and a quadratic coefficient (in $/(MW)2h)

Appendix II: Gurobi and the Branch-and-Bound Algorithm

As explained in the main text, the solver proceeds to a linear-programming relaxation and
if the solution does not solve the integrability conditions, the solver uses a branch-and-
bound algorithm. The variable which is used to define the branching becomes a so-called
”branching variable”. In a multivariate problem, we have to branch over many variables,
which can be very complex. The Gurobi solver does this with a search tree. The problems
generated by the search procedure are called the nodes of the tree, with the original problem
constituting the root node. The leaves of the tree correspond to all the nodes at which the
solver has not yet branched. In general, if the solver reaches a point at which it can solve
or otherwise dispose of all leaf nodes, then it will have solved the original problem.

18While the entire ISO New England network is divided into eight load zones, our generator dataset only
focuses on seven zones and omits the Northeastern Massachusetts/Boston (NEMASSBOST) one.
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In this procedure, suppose the solver solves a linear-programming relaxed problem for
some node in the search tree. If it happens that all of the integrality restrictions in the
original problem are satisfied in the solution at this node, then the solver found a feasible
solution to the original problem. Then, the solver assigns this node the category of a
permanent leaf, or ”fathomed”, where it does not has to branch. In addition, the solver
denotes this integer solution as the ”incumbent”. The incumbent solution is the best
integer solution found in any part of the search tree. At the start of the search, there is
no incumbent. If two integer solutions are found, the one with the best objective function
value is recorded as the new incumbent.

Note that, if the linear-programming relaxation solution at the node which we are
analyzing is infeasible, the node is also defined as ”permanent leaf”. Obviously if this
node contains no feasible solution to the linear programming relaxation, then it contains
no integer feasible solution. In addition, if an optimal relaxation solution is found, but its
objective value is bigger (for a minimization problem) than that of the current incumbent,
then this node cannot yield a better integral solution and again can be considered as a
permanent leaf.

The question is how the solver defines the optimal incumbent. First, note that the
objective value for the latest incumbent is a valid upper bound on the optimal solution of
the given original problem given that we have a minimization problem. Second, the solver
has a valid lower bound, sometimes called the best bound. This bound is obtained by
taking the minimum of the optimal objective values of all of the current leaf nodes. Finally,
the difference between the current upper and lower bounds is known as the ”gap”. When
the gap is zero, the solver has effectively achieved optimality.

It is important to note that different nodes in the tree search can be processed indepen-
dently. The solver takes advantage of this by running in parallel. However, the root node
presents limited parallelism opportunities. Thus, models that explore large search trees can
exploit cores quite effectively, while those that spend the majority of their runtime at the
root node are more constrained.
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