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Solving Unit Commitment Problem Using | M)
Mixed Integer Linear Programming ek
for Demand Side Management

Ahmed Abubakar Elwan, Mohd Hafiz Habibuddin, and Yanuar Z. Arief

Abstract The implementation of demand side management (DSM) for an industrial
plant by solving a unit commitment problem (UCP) is hoped to solve imbalances
between electricity supply limitations and demand requirements which many times
lead to a partial or total shutdown of production plants because of trips due to under
voltage or high frequency when the supply is overloaded or a unit is suddenly stopped,
while there is a need to maintain production. For this study, the cement industry was
divided into operating units, simulated under two scenarios, and solved using mix
integer linear programming (MILP) in an Excel solver. The result shows that there is
areduction in cost by 30% from $1203 to $880 for the same production requirement.

Keywords Unit commitment problem - Mixed integer linear programming *
Demand side management - Electricity supply * Production plants

1 Introduction

Manufacturing plants are energy intensive, consuming about 54% of the world’s
total delivered energy [1]. The cement sub-sector alone is consuming approximately
12-15% of total industrial energy use (electrical energy) [2, 3]. According to [3]
energy cost constitutes about 60-75% of the direct manufacturing cost of cement.
To sustain profitability and balance demand and supply that guarantee cost-effective
manufacturing and availability of products to consumers, a detailed review of energy
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use to identify improvement in areas of demand/supply balance and cost optimization
becomes necessary.

Due to the increasing demand for cement production [4] and the epileptic
source of supply in Nigeria, most cement manufacturing industries hardly meet up
with customer demands. To boost the electricity supply for the industries, various
distributed generations (DGs) were integrated into the electrical system either as self-
generation or purchased power. However, this action increases the cost of production
because of the return on the investment required and usually takes a long time to
implement. A short-term but sustainable solution is required by harnessing available
opportunities to balance demand and supply as well as reduce costs through adequate
production planning, taking advantage of having storage facilities for inventory in
the cement plants.

Several energy management strategies have been adopted by manufacturing plant
operators, the most common strategies in practice include (1) the use of energy-
efficient machines [5] and (2) applying scheduling strategies [6, 7]. While the use
of an energy-efficient machine approach requires an extra investment that imposes
huge pressure on companies for early return on investment (ROI), the application
of scheduling strategies helps in reducing energy consumption as well as reducing
financial costs and attracts less or no investments to execute. The most commonly
practiced scheduling strategy in the Nigerian cement industries is load shedding or
power-down. The power-down strategy means that a machine cannot be idle for a
certain amount of time between two consecutive processing tasks [8], it has to be
shut down immediately after use. Therefore, when a machine is shut down energy
may be saved based on the assumption that not all jobs are available at the same time.
However; this may not be applicable in a high-demand continuous manufacturing
plantlike cement industries, where continuous operation is desirable or at least to have
all storage facilities filled up. Another strategy used is the speed-scaling technique
[9], this technique has to do with the selection of the right processing speed for
an operating machine. But this technique also requires some level of equipment
investment and will increase the cost burden on the production plant.

The dynamic management of electricity demand, also referred to as demand side
management (DSM), emerges as an effective approach to energy management. Indus-
trial DSM helps to improve power supply performance and optimize production to
meet up with customer demands [6]. Related studies [10, 11] considered electrical
energy cost minimization through classical deadlines and pre-emptive schedules
to reduce consumption. The authors in [12] use mathematical models to minimize
costs in a variable electricity price. While [11] deals with different consumption at
different machine states, [12] was concerned with job ordering and processing and
optimal scheduling of machine states, respectively, by using heuristics and genetic
algorithms.

Authors in [13] applied the model from [12] to a real-time plant and a 20%
improvement in profit was recorded after the implementation to a CHP plant.
Using discrete time representation in a continuous power-intensive non-dispatchable
demand response program, [9] developed a MILP model for inter-operating modes
transition and [14] developed a general discrete time model for the scheduling of
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power-intensive process networks with various power contracts. A two-step integer/
constraint programming approach was used to solve an industrial case study involving
energy constraints and objectives linked to electric power consumption [15].

Industrial DSM needs flexibility in production and energy management, to explore
this authors in [7] made schedules based on sequencing and timing of production
tasks, giving particular attention to waiting for time constraints between consecutive
production stages. Scheduling considering the inventory of a plant was studied by
[16]. The emphasis was on the impact of storage in industrial DSM. For the same
purpose state-task network (STN) and resource-task network (RTN) was used by [17]
using a well-known concept from [18], where state nodes were used to represent
features of the operations (final product, intermediates, and feeds). Modeling of
industrial schedules by considering both production and power consumption was
first proposed by [19], where the production and consumption characteristics vary
within the same process depending on the state in which the process is operating
[20].

The objective of this paper is to propose a demand side energy management (DSM)
technique by solving a unit commitment problem for an industrial case study. The unit
commitment problem aims at the scheduling of units to achieve optimal production
to satisfy the inventory needs and also balance power supply/demand at a minimum
cost, while other studies focused on minimizing cost by scheduling waiting time
optimization, reduction in consumption, sequencing of production, and constraints
between stages and electricity prices. A mix integer linear programming approach
is used to solve the unit commitment problem (UCP). This approach tends to solve
the difficulty of integrating energy constraints (DSM) into production scheduling.

2 Research Method

The industrial plant to be addressed is a cement manufacturing plant and the problem
to be addressed is optimizing the available power supply for production to satisfy
demand at a minimized cost. The plant is divided into four main operating units’
codes named OPU1...4. The properties for each unit are displayed in Table 1.

Each operating unit requires a large amount of electricity to turn huge machinery
into production. Each unit is equipped with storage facilities, maximum and
minimum storage levels are identified in Table 2. The plant operation is expected to
be updated in real-time depending on the frequency. The peak supply demand for
the operating units is 25 MW.
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Table 1 Plant properties

Properties OPU1 OPU2 OPU3 OpPU4
Operating cost 30 25 45 60
Idling cost 20 30 50 10
Start-up cost 800 650 200 80
Min cons level 4 2 5 5
Max cons level 9 3 10 10
Minimum up time 46 5 150 71
Minimum down time 86 3 43 13
Power allocation (%) 35 5 25 30

Table 2 Plant inventory parameters

Parameter OPU1 OPU2 OPU3 OPU4
Production rate 260 20 80 140
Consumption rate 70 16 140 240
Maximum capacity 13,000 100 14,000 12,000
Minimum capacity 4000 40 5000 3000
Min Inv. to start 6000 40 6000 3000
Max Inv. to stop 12,000 90 12,000 10,000
Variance to stop 1000 10 2000 2000
Variance to start 6000 60 8000 7000
Min up time 46 5 150 71
Min down time 86 3 43 13

2.1 Model Description

Each unit is expected to be in any of the three states, the ON state, the OFF state,
and the IDLE state. The duration of the ON state is > minimum operating time
and the duration for OFF < minimum downtime the idle time is when the unit is
kept running without any output and should be minimized. Both minimum operating
time and minimum down time are evaluated based on inventory stock level and
restocking requirements. Each stage of operation consumes power referred to as
operational power (P,,) which depends on the state of the units whether the unit
is ON or OFF and idle power when the overall unit is not active but some amount
of power is required to run some critical equipment for cooling and other related
functions. The shortest ON duration has to be met before a unit is shut down and the
shortest OFF duration is also required before a unit is restarted up.
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2.2 Equations

The objective function is made of two cost components. The first cost component is
determined by real-time status decisions termed as the operation cost, i.e., if a unit
is in operation or not at the time of the decision. The second cost component comes
when the units are not in active operation. This idling cost is usually incurred when
the units are turned off and there must be some residual elements that will be allowed
to continue operating for cooling and other non-productive activities. The objective
function is formulated as in (1).

N—1 N—1
minfe(n)]§ Y e®(n) Pop.U (1) + Y €[ Pl (m) ()

where

€®  Operating cost for the units after start-up and before shutdown
¢ Cost incurred from non-operation activities when units are idling
P, Operating power

Piq 1dling power.

The following constraints apply.

(a) Operating Time Constraints

U@0)=U@—1) <U(t + Tp) 2)
Uit—1)—-U@) <U@¢+Td) 3)
where
TU; = T if Tup,i < MTup “4)
TD; = Tofrif Tiai < MTqwn (5)
For any operating unit OPU,
MT,, > ¢/6 (h) (6)
MTqwn < ¥/ (h) @)
where
8 Rate of production

" Rate of consumption
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y Minimum stock
0] Maximum stock
U(t — 1), U(t) status of a unit at a time (¢t — 1) and time (7).

(b) Mass Balance Constraints (Inventory Constraints)

We define the variable /;; which represents the product stored at each time period
t as a balance of consumption from the amount produced by each unit i. By mass
balance, the following relationships hold [21].

Ii,t:Io+ZPs,z_Mz VieT:t=1 (8)
N
Li=lLa+Y Py—pm VieT:t>1 )

And the inventory limits are given as follows
y=li.=<¢ (10)

where

I;; Product stored at each time period ¢
I, Initial inventory position

Py, Production at time ¢

u;  Consumption rate.

(c) Energy Balance (Demand/Supply) Constraints

The demand limit of each operating unit is between the maximum and minimum
power levels of each unit as given in (11) a period of time (¢).

Pitmax > Pdil = Pitmin (11)

Py=U(t)* Pop +h* Py (12)

P4,  Total demand power

Pitmax Maximum power demand for each unit at a time ()
Pimin  Minimum power demand for each unit at a time (¢)
Py, Operation power

Pq Demand power

Piq Idling power

U(t) Operating status of the plant

h Hours of operation to produce.
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3 Results and Analysis

Results from the simulation are presented in two scenarios: the business as usual
(BAU) and the constraints. In the business-as-usual scenario, the restriction is just
on the power limits, hence a unit can be started or kept down as long as the power
required is within the limits. After modeling and simulation, Table 3 gives the cost
objective and Table 4 is the power for the BAU.

From the result in Table 3, idling cost is about 33% of the total cost, this is because
some equipment was running even when the plant is not in production. Operating
cost is the actual cost incurred from power used during production and this accounts
for 67% of the overall cost of production.

From Table 4, the total idling power consumed by all the units is 15 MW, while
the power used in the actual production (operating power) is 19.1 MW representing
44% and 56%, respectively. An almost equal amount of power is required by the
units during idling and when the plant is in normal operations. There is a huge need
to be controlled for good optimization.

In the constraint scenario, the restriction is on both power and utilization status
limits. A unit can only consume power within its limit and only when it is in operation.
When the unit is not in operation, then it incurs additional costs for idling as seen in
the outcome of the simulation results. After modeling and simulation, Table 5 gives
the cost values, and Table 6 gives the power values required by the respective units.

In the constraint scenario, power is only consumed when the unit is in production
mode, hence the reduction in the total cost from $1203 in the BAU to a total cost
of $880.00. To achieve this, unit 2 has to be down while other units 1, 3, and 4 are
onboard as given in Table 7.

Table 3 BAU cost distribution values

Name Original value Actual value Contribution (%)
Total cost ($) 0 1203.94 100
Operation cost ($) 0 797.74 67
Idling cost ($) 0 406.20 33
Table 4 BAU power distribution values
Name Original value Actual value
The total power consumed (MW) 0 34.1
Operating power (MW) 0 19.1
Idling power (MW) 0 15
Table 5~ Constraints scenario Name Original value Actual value

cost distribution values

Cost ($) 1230 880
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Table 6 Constraints scenario

Name Actual value
power values

Power OPU1 (MW) 8
Power OPU2 (MW)
Power OPU3 (MW)
Power OPU4 (MW)

|0 | O

Table 7 Operating status of
the units in the constraint
scenario Operating status OPU1 1

Name Actual value

Operating status OPU2 0
Operating status OPU3 1
Operating status OPU4 1

The total power consumed in the constraint scenario is 32 MW compared with
the 34.1 MW of the BAU scenario under the same period and condition of operation.
This resulted in the reduction of the total power cost for the process.

4 Conclusion

This study presents a mixed-integer linear programming formulation (MILP) to solve
unit commitment (UC) for energy management while considering the production and
power constraints in an industrial plant. It is shown that this is possible by modeling
the operating parameters based on the amount of inventory required to be produced
at any time. The study also shows that by committing the units following some
constraints, the cost has been reduced by 27% from the BAU scenario maintaining
all other limits. Application of the method of this study is expected to reduce elec-
tricity demand and allow prompt response to supply/demand mismatch. By incorpo-
rating DSM in production planning and unit scheduling for maintenance and other
intervention purposes in a manufacturing plant, it is possible to control power cost
and energy efficiency throughout the process.
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