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Abstract. In this brief report, we establish a mixed-integer, linear programming
model to estimate the congestion surcharge from price spread for crude oil prices
over a fixed transport network with one or more consumer nodes. For the one node
model, the North American crude oil market is discussed. Pseudo data simulated
by an Ornstein-–Uhlenbeck stochastic process is used to study the multi-node
model.

1. Introduction

Spatial price integration in oil commodity markets studies the price movement in
the market between market participants that are geographically separated. Crude
oil markets are generally considered well-integrated as the different types of oil (e.g.,
light and heavy oil) are fungible assets and there is a vast network of pipelines and
train capacity available to deliver oil efficiently to its destination.

There are many different classifications of oil commodities on the global market
distinguished by its viscosity and sulphur content. Among them, we focus on West
Texas Intermediate (WTI), a high-quality oil priced out of Cushing, Oklahoma
which serves as the primary benchmark in North America, and Western Canada
Select (WCS), Canada’s largest heavy oil stream.

Alberta produces approximately 4 million barrels per day (MMb/d) of crude oil
of which approximately 3 MMb/d is classified as heavy oil. The majority of WCS is
consumed in the Midwestern United States with the remaining excess stock destined
for domestic consumption sent to the US Gulf Coast, see [4]. The US Gulf Coast
is considered as a marginal consumption point where the last barrel is consumed.
Canadian crude oil can reach the Gulf Coast through different pipeline options or
rail from Edmonton or Hardisty, Alberta, see Figure 1. The transportation cost of
the last barrel to the Gulf Coast sets the price of WCS.

The total off-take capacity of the pipeline from Alberta is on average less than
the supply, this leads to “call-on-rail” (using expensive rail to transport oil) or
shut-ins (mandatory curtailment of oil production). The price response to this
supply-capacity difference is significant and appears as a regular breakdown in the
price relationship between WCS and WTI that we define as a period of congestion
pricing. This is exasperated by periods of congestion leading to the formation of
transient “submarkets”.
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Figure 1. Map of crude oil pipelines [5]. The pink marker is located
at Hardisty, Alberta and the blue marker is located at Cushing, Ok-
lahoma.

1.1. Documented congestion. In the first half of 2018, western Canadian heavy
oil production increased steadily while pipeline capacity did not increase. As a
result, some production was shifted to rail, which is more expensive. Consequently,
Canadian crude benchmarks faced large price discounts, and the difference between
WCS and WTI increased compared to 2017 [7].

In the second half of 2018, the WCS–WTI differential widened more than normal.
The reason behind that was the supply of western Canadian oil production rose to
4.30 MMb/d while takeaway capacity on existing pipelines remained constant at
around 3.95 MMb/d. Moreover, the demand from the United States decreased due
to the shutdown of some refineries in the Midwest, the largest export market for
Canadian heavy crude oil [9], for maintenance.

Canadian crude oil exports via pipeline increased 3% from 3.1 MMb/d in 2018 to
3.2 MMb/d in 2019. At the same time, exporting crude oil via rail increased by 16%
from 2018 to 2019. This growth in rail exports was largely due to pipeline capacity
constraints in the Western Canada Sedimentary Basin [6]. Also, on October 28,
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2019, around 9, 120 barrels of oil were leaked from the Keystone pipeline causing a
shut down for ten days [3].

In 2020, due to the COVID-19 pandemic, activities such as travelling were re-
stricted in countries around the world to reduce the spread of the disease. The
demand for Canadian crude oil products decreased significantly and the Canadian
energy sector shut down production as low crude oil prices persisted [8]. The re-
duced supply removed pipeline capacity constraints in the transportation network
and reduced the price spread between WTI and WCS as a consequence.

1.2. Main result. In this report, in collaboration with Cenovus Energy Inc., we
build a mixed-integer linear (MIL) programming model to estimate the congestion
surcharge from the price spread between different geographic regions over a trans-
portation network connecting consumers and producers.

We start with a baseline model with a single consumer node that only considers
the price spread between Hardisty and Cushing in 2018–2020. Taking Hardisty
as the producer node and Cushing as the consumer node, we detect periods of
congestion and the associated surcharge during this period and show that this model
matches documented periods of congestion well. We then extend the model to
multiple consumer nodes. Due to a lack of data, we simulate price data using an
Ornstein–Uhlenbeck (OU) stochastic process (calibrated using historical WTI–WCS
spot prices) over a network of consumers (refineries) in the absence of sufficient real-
world data, and estimate the time and value the congestion surcharge.

This report consists of the following sections. In section two, a mixed-integer,
linear programming model is established for a transportation network to estimate
congestion. In section three, the one-node model is used to study the North Amer-
ican crude oil market for crude oil travelling from Alberta to the United States. In
section four, a general multi-consumer model is applied to simulated data from an
OU process. In section five, a summary of the results and possible future research
are discussed.

2. A mathematical model for congestion surcharge

In [2], Birge et al. shows that in an equilibrium integrated market, the price of
a commodity at different locations can be decomposed into a baseline price for the
commodity, a transportation cost, a congestion surcharge, and a variable contained
by a neutral band of values the local equilibrium price can take without exhibiting
arbitrage due to transportation costs, see Lemma 2.1.

We denote by T , a set of times measured in days, and S, a set of consumer
nodes over a transportation network connecting the nodes S to some collection of
producers. Note that each consumer node may represent a cluster of nodes in close
spatial proximity, such as all consumers residing in the same city.

Lemma 2.1 ([2, Proposition 3]). The set of equilibrium prices {λts, ∀s ∈ S, ∀t ∈ T }
over a market with fixed transportation network structure and transportation (link)
costs can be decomposed into

λts = ηt + ρs + εts + ωt
s, ∀s ∈ S, t ∈ T ,
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In this lemma, εts ∈ [−αs, αs] represents the neutral band, ηt is the baseline
price for the commodity taken to be the spot price at a neutral node unaffected by
congestion, and ωt

s ≥ 0 is the congestion surcharge.
In our model, we set ηt to be the equilibrium price of the producer (assumed to

be at a single node). Then, the formula in Lemma 2.1 reduces to ξts = ρs + εts + ωt
s

where ξts = λts − ηt denotes the price spread between consumer s and producer.
Therefore, to estimate the congestion surcharge in the transportation network,

we construct the following mixed-integer, linear programming problem.

minimize:
∑
s∈S

αs(2.1)

subject to: ξts = ρs + εts + ωt
s, ∀s ∈ S, t ∈ T ,

− αs ≤ εts ≤ αs, ∀s ∈ S, t ∈ T ,
0 ≤ ωt

s ≤ γtsM, ∀s ∈ S, t ∈ T ,
εts ≥ αs − (1− γts)M, ∀s ∈ S, t ∈ T ,

ψt ≤
∑
s

γts ≤ |S|ψt, ∀t ∈ T ,∑
t

ψt ≤ βT, ∀t ∈ T ,

ψt, γts ∈ {0, 1}, ∀s ∈ S, t ∈ T .

Here ξts denotes the price spread between the price of the commodity at the consumer
node s and the producer, M is a sufficiently large upper bound for the congestion
surcharge, ψ (resp. γ) is an indicator function taking the value 1 representing con-
gestion in the network (resp. representing congestion at s) and taking the value 0 in
the absence of congestion (resp. in the absence of congestion at s). Finally, β ∈ [0, 1]
is a fixed parameter set by the user that represents the proportion of the time that
congestion is allowed to manifest, i.e., time periods when the surcharge term ωt

s can
take positive values.

When there is only one consumer node in S, the above mixed-integer, linear
programming problem is simplified to

minimize: α(2.2)

subject to: λt = ρ+ εt + ωt, ∀t ∈ T ,
− α ≤ εt ≤ α,
0 ≤ ωt ≤ ψtM,

εt ≥ α− (1− ψt)M,∑
t

ψt ≤ βT,

ψt ∈ {0, 1},
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Figure 2. The price of WTI and WCS from January 2018, to Au-
gust 2020. Missing data in WCS is filled-in using the average of its
nearest neighbours. An outlier (-37USD) in WTI at Apr. 20, 2020
is replaced by interpolation.

i.e., γ is no longer necessary since the parameter determines which node experiences
congestion conditional on congestion occurring somewhere on the network.

3. Congestion surcharges in the crude oil market

In this section, we use the above programming model to estimate the congestion
surcharge in the crude oil market in North America. We analyze WCS from Hardisty,
Alberta and WTI from Cushing Oklahoma. We take Hardisty as the producer node
with WCS as the local price, and Cushing to be the consumer node with a local
price set to be 5USD lower than the WTI spot price to account for the difference
between heavy and light oil. See The spot price data between WCS and WTI from
January 2018 to August 2020 can be found in Figure 2.

Using model (2.2), we set the price spread to be WTI−WCS−5 as described
above, set M = 100 as an arbitrarily large upper bound for the congestion sur-
charge, and for β ∈ {0.2, 0.4, 0.6, 0.8}, we get the congestion surcharges shown in
Figure 3. The pink shaded regions represent time periods with documented pipeline
disruption or “call-on-rail”, while the green shaded region corresponds to a period
with sufficient pipeline capacity but with reduced demand. Therefore, we can see
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by visual inspection that selecting β = 0.4 or β = 0.6 the congestion surcharge
estimated by the model seems to match the historical market behavior well.

Figure 3. Estimated congestion surcharge for a single consumer
node with different choices of β. Periods of historical congestion
are denoted by the pink shaded regions and a period of decreased
demand is denoted by the green shaded region.

4. Multi-node model with pseudo data

In this section, we estimate the congestion surcharge in a transportation network
with one producer node and several consumer nodes. Due to the lack of data,
we simulate price spreads by using three correlated Ornstein–Uhlenbeck stochastic
processes for the consumer nodes. In this section, we provide a brief description of
the OU process and direct the reader to [1] for further details. We say a stochastic
process is an OU process if it follows the stochastic differential equation,

dxt = α(µ− xt) dt+ σ dWt.

.
The parameters α, µ, and σ for the OU process are calibrated using the WTI–WCS

spread spot price. Using the method of maximum likelihood estimation, we obtain
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the following parameters: α = 0.0119, µ = 16.275, σ = 2.053. These parameters
and three correlated Brownian motions following the correlation matrix

corr =

 1 0.8 0.7
0.8 1 0.56
0.7 0.56 1

 ,
are used to simulate three sample price spreads for the three refineries and the one
producer. See Figure 4.

Figure 4. Simulated paths for three refineries (consumer nodes s ∈ S)

Using model (2.1) with S containing three consumer nodes, the congestion sur-
charge for β ∈ {0.2, 0.4, 0.6, 0.8} are simulated in Figure 5.

5. Conclusion

In this project, we were able to generate congestion premiums using a mixed-
integer, linear programming model using the spread price between WTI and WCS as
an input. These estimated congestion premiums are consistent with the amount the
spot price increased during periods of historical congestion. Using these estimates,
one could model the spot price by first simulating a baseline mean reverting process
for the congestion-free price and then add the estimated surcharge. We further
generalized the model to a multi-node model. This multi-node model can be used
to further examine the congestion premium on more complicated networks and study
the graph-theoretic shape of the crude oil market by adding and removing refineries
to study the behaviour of congestion before and after changes are made to the
network structure.
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Figure 5. Multi-node congestion surcharges for three refineries with
different choices of β.
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