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With the change of the distributed Combined cooling, heat, and power (CCHP) system operation environment, such as the
operation under the power market, CCHP needs to adopt the operation strategy based on cost minimization instead of the
traditional following thermal load strategy (FTL). However, the current CCHP system simulation adopts FTL or FEL or a
combination of the two; whether these strategies have the least cost has not been confirmed. In this paper, all kinds of operation
strategies of the CCHP with two cooling methods are investigated according to the KKT conditions (Karush-Kuhn-Tucker
conditions) of the optimal operation model. Among all the feasible operation strategies, most of them do not meet the KKT
condition, and only 43 strategies may be the optimal ones that constitute candidate set. The conditions of the optimal operation
strategy in the candidate set are obtained, and it is easy to calculate, so the optimal operation strategy can be easily selected from
the candidate set. Some previously unnoticed strategies, for example, TEWM, PE-FPG, FTL-R, and FEL-L, may become optimal.
A rule-based CCHP simulation method is established that selects the strategy with minimal cost as the optimal strategy from the
candidate strategy set. The presented method has small time consumption and can simulate the optimal operation. The case study

verified the characteristics of the proposed simulation method.

1. Introduction

The distributed combined cooling, heat, and power (CCHP)
system has been supported by various governments because
of its high primary energy efficiency and low emissions [1, 2].
The operation simulation of the CCHP as a tool to estimate
the operation costs is important to the investment planning
of CCHP [3, 4].

The traditional operation strategies in CCHP simulation
are the following thermal load (FTL), the following electric
load (FEL), and the hybrid electric-thermal load (HET). FTL
or FEL is used, respectively, according to load conditions in
HET. When the electric load is larger, FTL strategy is adopted;
when the thermal load is larger, FEL strategies are adopted
[5, 6]. In reference [6], the quasi-steady models of the
combined heating and power (CHP) and CCHP were

constructed to simulate the production of CHP, performances
of CCHP and CHP systems under FTL or FEL based on
primary energy consumption, operation cost, and carbon
dioxide emissions for different climate conditions. The
simulation method of CHP and CCHP has almost become the
standard method to estimate the performance of CHP and
CCHP. In reference [7], the performance of FEL operation
strategy for CHP with energy storage and large fluctuation of
electric load is estimated by the simulation method. Reference
[8] estimates the performance characteristics of CCHP system
under FTL and FEL strategies by using simulation models of
absorption refrigeration, electric refrigeration, natural gas fuel
absorption refrigeration, and geothermal refrigeration in
CCHP. Using the simulation, literature [9] Using simulation
method, literature [9] examined the economic feasibility of
the combined cooling, heating, and power (CCHP) systems
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when it was applied in the Department of Energy (DOE)
reference large office buildings in three cities of the U.S.: San
Francisco, Boston, and Miami. In the above simulation
models, the operation strategy of CCHP is FTL or FEL, or one
of them is adopted under certain conditions. Comparison of
exhaust-gas-and-hot-water-driven absorption chiller (AC)
and another three cooling modes, including AC combined
with electric chiller (EC), AC combined with gas-fired ab-
sorption chiller (GFC), and AC combined with ground source
heat pump (GSHP) based on the simulation model, is made in
reference [10]. The results show that the CCHP system with
GSHP under FEL strategy has the best comprehensive
performance.

In addition, some authors have proposed some new
strategies and evaluated their performance by simulation. In
reference [11], the new operation strategies for the CCHP
system with hybrid chillers, consisting of a combined electric
and absorption chiller, are investigated by simulation, based
on the variational electric cooling to cool load ratio. In
[12, 13], another new CCHP operation strategy is proposed,
and the advantages of the new operation strategy are also
illustrated by simulation. In reference [11], a variety of new
operation strategies have been developed by combining
electric chiller and absorption chiller, which have better
performance than the traditional FTL and FEL. However,
this paper does not further investigate the optimal strategy.
References [12, 13] also show by simulation that the new
strategy proposed by the authors has better performance
than FTL and FEL strategies but also fails to find the optimal
strategy. The simulation method can obtain the performance
of CCHP system according to the determined operation
strategy, such as primary energy utilization rate,
operation cost, carbon dioxide emission, and so on. How-
ever, it is uncertain whether the commonly used operation
strategies, FTL and FEL, are the least cost strategies, which
are closely related to the operating environment of the
CCHP system, such as cooling and heating load, electricity
price, and so on.

The optimal combination of the power and heat sources’
outputs to satisfy heat and power demand of system and
operational constraints is known as CHP (or CCHP) eco-
nomic dispatch (CHPED) problem and has attracted a lot of
interests, especially in the electricity market environment
[10, 13-16]. The CHPED problem is a complex optimization
problem to meet the demand of cooling, heating, and power
loads at the same time. The optimal operation problem is
modeled as a nonconvex nonlinear programming and was
solved by the branch and bound method [17], the Lagrange
relaxation method [18], and particle swarm algorithm [19].
These operating models, however, are too time-consuming
while they were used as a tool to estimate the annual op-
eration cost of the long-term investment problem, so the
nonconvex optimal operation model usually was simplified
as linear programming or mixed linear integer program-
ming while the generation efficiency was assumed as a
constant [20, 21]. Even so, the computation time is still
unacceptable when the annual operation cost is estimated
using the linear programming by hourly rolling calculation
in CCHP planning problems. Therefore, some typical
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scenarios are selected to represent the whole year for re-
ducing the computation time, which is called the multi-
scenario method [22].

In the present paper, the optimal operation strategy of
CCHP is tested based on the KKT condition of the optimal
operation model of CCHP, and the candidate optimal op-
eration strategy set is obtained. Based on the set, a new
simulation method of the CCHP is proposed, which can
describe the optimal operation.

The main contributions of this paper are as follows:

(1) Based on the output position of generating units, this
paper defines all operation strategies of CCHP sys-
tem and gives the conditions for each strategy to be
the optimal strategy. KKT condition analysis based
on the optimal operation model shows that when all
cooling modes work simultaneously, and only
TEWM, PE-FPG, PE-MPG, BW-FPG, PE-MPG, and
BE-MPG are possible optimal, while other combi-
nation strategies are not optimal. When the cold
demand is met by electric chiller or absorption
chiller alone, traditional FTL-L and FEL-R may be
the optimal strategies in some cases, but there are
also other strategies that may be the optimal strat-
egies, such as FTL-R and FEL-L.

(2) Based on the optimal conditions of CCHP system
operation strategy, this paper develops a CCHP op-
eration simulation algorithm. By judging the optimal
conditions of CCHP strategy, the algorithm selects the
operation strategy with the minimum cost to run and
realizes the operation simulation based on the optimal
cost. Compared with the conventional simulation al-
gorithms based on FTL or FEL, the algorithm realizes
the operation simulation of CCHP according to the
minimum cost; compared with the operation simu-
lation based on optimization model, the algorithm has
obvious advantages in computing speed because of
avoiding iterative optimization. The presented simu-
lation model can be used to estimate the operation cost
in the CCHP investment decision making.

This paper is organized as follows. In Section 2, the
operation model of CCHP is given. In Section 3, the can-
didate optimal operation set is obtained. In Section 4, a
simulation method based on the optimal operation set is
presented. Section 5 presents the case study.

2. Problem Formulation

A schematic of the CCHP system is shown in Figure 1. There
are three energy buses in the system, namely, heat bus, cold
bus, and power bus.

The energy demands of consumers are served for three
ways: (1) power is provided by power generation unit (PGU)
or/and power grids; (2) heat is provided by waste heat re-
covery from PGU or/and auxiliary boiler; (3) cooling is
provided by electric chiller or/and absorption chiller.

The objective function of the operation problem is
minimizing the operation cost. The optimal operation model
can be expressed as
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FIGURE 1: Schematic of the CCHP system.
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The decision variables of the operation problem are the
output of devices and the purchasing/selling electricity
energy at times ¢, including Peyp (£), Qupe (£), Qe (1),
Qpy (1), Phurchase (py pSell (1), t=1,...... ,8760. Purchas-
ing electricity from grids and selling electricity to grids
cannot happen at the same time. The 0-1 variable x=1
expresses purchasing electricity, and x =0 expresses selling
electricity.

Equations (2)—-(4) represent the load balance constraints.
Since in some operation strategies, heat is abandoned, the
heat for equation (3) is not balanced. Equation (5) is the
relationship between PGU’s generation and fuel consump-
tion; equation (6) is the relationship between waste heat
recovery and PGU’s generation; equation (7) defines the
PGU’s output ratio; equation (8) is the PGU’s efliciency
function which is the quadratic function of PGU’s output
ratio. By substituting equation (5) into equation (6), the
relationship between the waste heat recovered and power
generation can be expressed as equation (17) according to
equations (5)-(8), and the Q-E curve in Figure 2 is its geo-
metric representation. Equation (9) is the relationship be-
tween boiler heat production and its fuel consumption.
Equations (10)-(15) are the limit of devices’ output. These
expressions of these constraints are the same as those in
[11-13], and the Q-E curve is also the same as that in [11-13].

Pepp (t)(l - WCHP,E) * YcHp,H

Hcup,E

Qcpp (1) = QQ—E (PCHP (t)) =
(17)

The above model is a mixed nonlinear integer pro-
gramming. Because purchasing and selling electricity are not
implemented simultaneously, it can be decomposed into two
nonlinear programming problems that are called purchasing
electricity operation model when x =1 and selling electricity
operation model when x =0, respectively.

3. The Operation Strategies

3.1. The Equivalent Load and Cooling Strategies. Assume the
cold, heat, and electricity loads are L, (¢), Ly (¢), and Lg (¢) at
time £; if the electric chiller supplies the cooling demand, the
equivalent electricity load can be obtained as equation (18),
and the equivalent load profile (Ly (¢),Lg(t)) is called
electric cooling equivalent load (ECEL).

Lg (t) + Qe (t).

Lpe () =—"55p
EC

(18)

If the absorption chiller supplies the cooling demand, the
equivalent heat load can be calculated as equation (19). The
load profile (Lyp(t),Lg(t)) is called thermal cooling
equivalent load (TCEL).

Ly () + Qpupc (1)

L ==—c5p
ABC

(19)

In Figure 2, the equivalent load is a point, for example,
the ECEL is Al and the TCEL is A2. TCEL is always in the
lower right of ECEL.
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The points in the line connecting the ECEL and TCEL
represent the equivalent loads in which the electric chiller
and the absorption chiller work simultaneously to supply the
cooling service. The line connecting ECEL and TCEL can be
represented as

Lggp — Lg(t)

Ly—Lyg ’ (LEHL (t) - LH,E) +Lg (). (20)

Lggy (£) =

3.2. The Candidate Optimal Operation Strategies for Electric
Cooling or Thermal Cooling. If ECEL meets the following
conditions, it is on the left side of the Q-E curve as A1 and Bl
in Figure 2 or on the left of the maximal heat recovery as D1.

{ Ly (8) < QQ-E(LE,E (t))) if Ly g (£) < Pcup max

_ (21)
Ly (t) < Qcppmaxe if Ly g () > Pcgp max-

There are seven types of operation strategies to meet the
ECEL. FTL (following thermal load) and FEL (following
electricity load) are the famous strategies. Using FTL, the
thermal load is met by the recovered heat, the power gen-
eration is less than the electric load, and the electricity energy
needs to be purchased from the grid. Like A1 and ECEL in
Figure 2, the working point of FTL is WA11 on the Q-E
curve. When the FEL is carried out, the power generation
equals electricity demand, and heat recovered is greater than
the heat load, and the extra heat energy is wasted. For point
Al in Figure 2, the working point of FET is WA12.

IG (insufficient generation) has the characteristics that
the generation is smaller than the electricity load and the
recovered heat less than the heat load, so it needs to buy the
power from the grid and supply heating by boiler. For ex-
ample, ECEL is the point A1, whose work points using IG are
the points on the Q-E curve between MW and WAIL.

Abandoning heat and purchasing electricity (AHPE) is
other strategy in which the power generation is less than the
electric load, and the recovered heat is greater than the heat
demand. If ECEL are A1 points, the working points of AHPE
are points of the Q-E curve between WA11 and WAI12.

Abandoning heat and selling electricity (AHSE) has the
characteristics that more electricity is generated than load,
the excess electricity is sold to the grid, the recovered heat is
larger than the heat load, and the excess heat is wasted. The
working points using AHSE for A1 in Figure 2 are the points
between WA12 and FL on the Q-E curve.

The TCEL is on the left of the boundary if the following
conditions are met.

{ Ly (1) <Qq g (Lg(t), if Ly (t) < Poppvaxs

! (22)
L)< QcupMax> if Ly (¢)> Perp pmax-

There are also seven strategies for the TCEL. So, prefix
EC- and TC- are used to distinguish ECEL and TCEL, and
suffix -L (-R) indicates that the equivalent load is on the left
(right) side of the boundary.

If ECEL does not meet equation (21), the ECEL is on the
right side of the Q-E curve; as C1 and E1, there are also seven
strategies to meet the equivalent load.
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EC-MPG-R, EC-FPG-R, and EC-IG-R are the same as
EC-MPG-L, EC-FPG-L, and EC-IG-L strategies.

EC-FEL-R is a following electricity load strategy in which
the power generation equals electricity load and heat recovered
is less than heat load. The boiler must work to supply the
thermal. The work point using EC-FEL-R for Cl is the WA21.

EC-FTL-R is a following thermal load strategy in which
the power generation is greater than electricity load. The
surplus electricity will be sold to the grid, and heat recovered
is equal to heat load. For point C2 in Figure 2, the working
point of FET-R is WA22.

EC-BWSE-R has the characteristics that the power
generation is greater than the equivalent electricity load, and
the recovered heat is less than the heat load. The excess
power is sold to the grid, and the lack of heat is supplied by
boilers. For the equivalent load point C1, the working points
using the BWSE-R are the points on the Q-E curve between
WA21 and WA22.

EC-AHSE-R is similar to the EC-AHSE-L strategy. For
point C1, the working point is between point WA22 and
point FL on the Q-E curve.

If TCEL does not meet equation (22), it is on the right of
the boundary. There are the same strategies as ECEL. All 28
kinds of operation strategies are shown in Table 1. The col-
umn strategy in Table 1 gives the name of the strategy, while
the column Py () gives the position of the working point of
the strategy. If the strategy corresponds to a certain working
point, the output of the PGU is Pqyyp (t); otherwise, the output
range of the PGU is given. For example, the strategy EC-FTL-
L is a fixed operating point where the waste heat recovery is
equal to the thermal load Ly (f). The corresponding PGU
output is Q' (Ly(t). And strategy EC-IG-L represents a series
of working positions and is represented by the range of its
power generation output.
Pegpin () < Pep () < Qg g (L (£)), Qglp (Lyy (8)) is the
inverse function of equation (17).

TaBLE 1: The operation strategies for ECEL and TCEL.

Strategy Peyp(?)
EC-MPG-L v Pcpp min
EC-IG-L * (Pcap,Mmo Qél,E (Lu(®)
EC-FTL-L N Qg (Ly(®)
EC-AHPE-L x (Qqtp (Lu(®), Les(®)
EC-FEL-L X Ly g(t)
EC-AHSE-L X (Lg,g(t); Pcap.max)
EC-FPG-L X Pcup max
TC-MPG-L v Pcyp min
TC-1G-L * (Pcap,Mmo Qél,E (Le(®)
TC-FTL-L N Qo r Lup(®)
TC-AHPE-L " (Qq g Lue(t), Le(r))
TC-FEL-L v Lg(t)
TC-AHSE-L * (Lg(®), Pcrp.max)
TC-FPG-L v Pcrpmax
EC-MPG-R v/ Pcrpmin
EC-IG-R * (Pcap,mmo Leg(t))
EC- FEL -R v Lee(t)

EC- BWSE -R * (Lge(t), Qqlp (Lu(1))
EC-FTL-R N Qg g (Lu(®)
EC-AHSE -R X (QEQI_E (Lu(1)s Pcrp.max)
EC- FPG -R X Pcrp max
TC-MPG-R v Pcrpmin
TC-IG-R * (Pcrp,mins Le(f)
TC-FEL-R v Lg(t)

TC- BWSE -R * (Le(), Qqp (L p(1))
TC-FTL-R N Qs Lur®)
TC-AHSE-R . (Qqts (L (1), Pcupmax)
TC-FPG-R Y, Pchp.max

Among the 28 policies in Table 1, the operating strategies
that are often discussed are TC-FTL-L, EC-FTL-L, EC-FEL-R,
and TC-FEL-R, while almost none of the other operating
strategies have been analyzed in detail.

According to the optimization theory, if a strategy does not
satisfy the KKT condition, it is definitely not the optimal



strategy. The KKT conditions of models 1-16 are given in
supplementary material S.1 in reference [23]. Testing the KKT
conditions of models 1-16 for these strategies, it is shown that
EC-AHPE-L, EC-FEL-L, EC-AHSE-L, EC-FPG-L, EC-AHSE-
R, and EC-FPG-R that are labeled “x” in Table 1 are impossible
as optimal strategies (the proof that strategy EC-FEL-L does not
satisty the KKT condition is shown in supplementary material
S.2 in reference [23], and other strategies can be proved
according to similar method).

For the strategies that are labeled “*,” the test that these
strategies satisfy the KKT condition can be expressed as
testing whether the real solution of the following algebraic
equations is within the scope of their strategies (see sup-
plementary material S.4 in reference [23] for the derivation
process). That is, other 9 kinds of strategies that are labeled
“*” in Table 1 may be an optimal strategy, only if a real
number solution of the equation (23) is within the specified
range.

A+B-f+Cf*+Df’+Ef* =0, (23)
where the parameters A, B, C, D, and E can be obtained using

power generation efficiency coefficients a, b, and ¢ and the
parameter d by equation (24).

(A=d*-d-a,

B=2-a-b-d,

1C=2.a-c-d+g, (24)
D=2-c-b-d,

[E=¢-d.

The parameter d can be obtained by formula in Table 2.
Among them, strategies EC-IG-L, TC-IG-L, EC-IG-R, and
TC-IG-R adopt the same formula to calculate parameter d.
Strategies TC-AHSE-L and TC-AHSE-R use another for-
mula, and so on.

If the real solution f of equation (23) makes Pqyp (¢) =
f - Pcupmax within the range given in Table 2, then the
corresponding strategy is the optimal strategy. The column
RAG in Table 2 is the range of generate in the strategy. If the

(LH —Lygp/Lyp—Lg (t)) “Lg(t) - Lyg
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real solution f of  equation (23) makes
Peyp (1) = f - Peppmax beyond the range, it means that the
strategy does not meet the KKT condition.

Assume the cold, heat, and electricity loads are L (¢),
Ly (t), and Lg (¢) at time ¢, in order to determine whether
EC-IG-L is the optimal strategy. The parameter d is firstly
obtained based on equation in Table 2, and then the pa-
rameters A, B, C, D, and E of equation (23) are obtained
based on equation (24). If the real solution of equation (23)
makes Peypyvin < f - Penpmax < QE)I_E (Ly (1)), the strategy
EC-IG-L is the optimal strategy; otherwise, it is not the
optimal strategy.

Testing KKT conditions, these strategies that are labeled
“y/” in Table 1 are most likely to be optimal strategies. The
candidate optimal strategies that are set for electric cooling
or thermal cooling consist of the strategies labeled “*” and
“y” in Table 1. It must be pointed out that the decision
variables of each strategy can be obtained rapidly according
to the load balance, so the operational cost of each strategy
can be obtained rapidly.

At present, only FTL-L and FEL-R strategies have been
widely studied, while other operational strategies have been
almost ignored. In this paper, KKT conditions of the optimal
operation model are used to comprehensively investigate all
possible strategies, and the conditions for them to become
the optimal strategies are obtained.

3.3. The Candidate Optimal Operation Strategies for Both
Cooling Modes Working Simultaneously. It is shown in
supplementary material S.3 in reference [23] that the KKT
condition is not satisfied when two kinds of cooling devices
work at same time except several special situations. It means
that there are not almost optimal strategies when both
cooling modes work simultaneously.

When the ECEL and TCEL are located on the both sides
of the Q-E curve, there is an intersection of the line con-
necting ECEL and TCEL with Q-E curve, as the intersection
WA in Figure 2. The intersection WA can be obtained to
solve the equations (17) and (20), where Lgg; (t) = Pcyp (£)
and Ly (F) = Qepp (1). The result is as follows:

Peyp (£) =

Ly-L
Qcpp (1) = ﬁ (Pcup (1) = Lg () + Ly >

The cold, heat, and electricity load will be supplied by the
CCHP system without the boilers and purchasing/selling
electricity from grid. The strategy is called the TEWM (the
thermal electricity while meet). Four regions are defined by

(LH —Lyp/Lgg - Lg (t)) _(1 - ’1CHP,E> : (’1CHP,H/7’ICHP,E>,

Pcupmax > Peup (1) > Poppvns

(25)

Qcupmax > Qcup (1) > Qcupmin:

equation (27), and then the condition that there is inter-
section WA can be intuitively seen from Figure 2 that ECEL
is located at A1 or A3, and TCEL is located at A3 or A4, that
is,
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TaBLE 2: The parameter d and the range of the solution.

Strategy d RAG

EC-IG-L (Peapmm Qo (L (1))
TC-1G-L archase P QL (L (¢
EC-IG-R PERID™ ~ fcrp. X (P /LHY X 1151)/ (pp/LHV) = ficpp s - (ppr/LHV - 7751)) ( CIZ%ZI:; I\fl?; f; EIEIS)( ”
TC-IG-R (Pcpp v L (1))
TC-AHSE-L ell (Lg (£), Pcpp pax)
TC-AHSE-R (Prip! (Pcrp/LHV)) (QE)I,E (Liis (), P aiax)
EC-BWSE-R . Lpp(£),Q5 (Ly (t
TC-BWSE-R (P&RD ~ fenps - (Pu/LHVY - 110)/pere = e - (Ppr/LHV - 7151)) EL?](Ef(),)leQE }(SIEHZ Etg;;
TC-AHPE-L (phuxchase/ (p . »/LHV)) (Qolp (Lyp (B), Ly (1))

r (ECEL € Al.and. TCEL € A2) T

.or. (ECEL € Al.and. TCEL € A4)

Stewm = > (26)
.or. (ECEL € A3.and.TCEL € A2)

| .or.(ECEL € A3.and. TCEL € A4.and.Y € (Lg (t), Pcyppiax ) ) |

Al = (LH (t)< QQ—E(LE,E (t))'and'LE,E (t) (PCHP,MIN’ PCHP,MAX))’
A2 = (LH,E (t)>Qq g (Lg(1))-and.Lg (1) € (PCHP,MIN> PCHP,MAX))> (27)
A3 = (LH (t) < Qcppmax-and. L ; (£) € (PCHP,MAX> 00)))
A4 =Ly £ (8) > Qerrpmax-and-Li (£) € (Perp i P CHP,MAX))’
Y= (QCHP,MAX - LH,E) X % +Lg. (28)

When ECEL is located at A3 and TCEL is located at A4,
an additional condition is need. The intersection Y of the line
connecting ECEL and TCEL with maximum heat recovery
line should be less than the maximum power generation. By
substituting Lgy; () = Qcypmax in equation (20), the in-
tersection Y can be expressed as equation (28).

Using equations (3), (4), and (25), the output of the
electric chiller and absorption chiller is

{ Qec (1) = (Pcpp (1) — Lg (1)) - COPg,
Quapc (1) = (Qcpp (1) = Ly (1)) - COPy.

When the line connecting ECEL and TCEL intersects the
maximal heat recovery, like WE1 and WD1 in Figure 2, the
operation strategies for the equivalent load of the WE1 and
WD1 may be optimal.

The condition that there is WE1 is equation (30), in
which Y is calculated by equation (28).

(29)

Lpp(t) <Y <Lp(t).and.Y < Peyp pax- (30)

The strategy to meet the equivalent load WEL is called
SE-FPG (selling electricity and full power generation). Using
SE-FPG, the generator works at full power, the power
generation is larger than Y, the excess power will be sold to

the grid, and the heat recovery is equal to the equivalent heat
load.

The condition that there is WD1 is equation (31), in
which Y is obtained by equation (28).

Lyp(t) <Y <Ly (H).and.Y > Poyp yiax. (31)

PE-FPG (purchasing electricity and full power genera-
tion) is used to meet the WD1. In this case, the generator’s
full power is generated, but because Y >Pcypyax, the
electricity energy is purchased from grid to meet the
equivalent electricity load.

If equation (32) is true, the line connecting ECEL and
TCEL intersects the maximal generation, like WD2 in
Figure 2. BW-FPG (boiler working and full power gener-
ation) is used to meet the equivalent load.

Ly () - Lyg(t)

Z=(Peseanax = Le ) X 05— %0

+ Ly p (1),

Ly (t)<Z <Ly g(t).and.Z > Qcpp max-
(32)

Because Z > Qcyp max> When the generator works in its
maximal capacity, the boiler still needs to be turned on to
provide heat, but the purchasing/selling electricity is zero.

When equation (33) is true, the intersection of the
minimal heat recovery and the line connecting ECEL and
TCEL may occur, like WF1 in Figure 2.



« LE,E (t) - LE (t)

Z= (QCHP,MIN ~Lug (t)) Ly (t) = Ly p (1)

+Lg (),

Ly(t)<Z<Lgg(t).and.Z > Pceyp pin-
(33)

PE-MPG (purchasing electricity and minimal power
generation) may be an optimal strategy to meet the load
WF1. The generator works at its minimal output, and the
electricity is purchased from grid.

BW-MPG (boiler working and minimal power generation)
is a strategy at the intersection point of the minimal generation
line and the line connecting ECEL and TCEL, like WE2 in
Figure 2. The equivalent heat loaded in the point can be cal-
culated like equation (27). Using BW-MPG, the generator works
in the minimal output and the boiler works to supply thermal.

Ly (t)—Lyg(t)

Y = (PCHP,MIN —Lg (t)) x Lpp(t) - Lg(t)

+ Ly g (1),

Ly ()<Y <Ly (t).and.Y > Qcyp pvin-
(34)

The candidate optimal operation strategies’ cooling
modes working simultaneously and their conditions are
shown in Table 3.

Finally, the separation pattern (SP) as a strategy means
that the generator is off, the cold load is met by electric
chiller, the boiler product heat energy meets the heat load,
and the electricity is purchased from grid to supply the
electricity load. If the cost using SP is the minimum, the SP
will be the operation strategy.

4. Simulations Based on the Candidate Optimal
Operation Strategies

Totally, 28 kinds of operation strategies may be the optimal
strategies. But ECEL is either on the left side of the border or
on the right side of the border, not simultaneously on both
sides. And the candidate optimal strategies’ cooling modes
working simultaneously have their conditions. As a result,
the candidate optimal strategies for a load maybe include
only 10 kinds of operation strategies. Moreover, the decision
variables and operation cost can be obtained quickly.

The basic idea about the chronological simulation of
CCHP is calculating the cost for the load using each can-
didate optimal strategy and selecting the strategy whose cost
is minimum as the optimal strategy.

Firstly, the equivalent loads of ECEL and TCEL are
calculated according to equations (18) and (19). Then,
according to the ECEL or TCEL located on the left or the
right side of the boundary to select the strategies in Table 1,
the decision variables and the operation cost for each se-
lected strategy are calculated.

Thirdly, the strategies that meet the condition in Table 3
are selected, and the decision variables and operation cost
are calculated.

Mathematical Problems in Engineering

TaBLE 3: The candidate optimal operation strategies’ cooling modes
working simultaneously.

Strategy Condition

TEWM Equation (26)
PE-FPG Equation (30)
SE-FPG Equation (31)
BW-FPG Equation (32)
PE-MPG Equation (33)
BE-MPG Equation (34)

Selecting the strategy with minimal cost as the optimal,
the decision variables and cost of the optimal strategy are
coded, as shown in Figure 3.

5. Case Study

A CCHP system that supplies energy for a hospital load is
used as a case to test the present algorithm. The maximum
cold load is 2579.6kW, the maximum heat load is
2879.7kW, and the maximum electricity load is 1000 kW.

The generator capacity is 900 kW, and the parameters of
the CCHP and the prices of the purchasing electricity and
gas are shown in Table 4. The price of selling electricity to
grid is 0.5 ¥/kWh, which is higher than coal unit selling price
at about 0.1 ¥/kWh.

For convenience, three states are defined according to
ECEL and TCEL. If ECEL and TCEL are, respectively, lo-
cated on both sides of the boundary, it is called state 1. When
ECEL and TCEL are located on the left side of the border, it
is known as state 2. It is called state 3, when ECEL and TCEL
are on the right side of the border. In this case, the number of
state 1, state 2, and state 3 is 2227, 6341, and 192 separately.

The strategies selected as optimal strategies are shown in
Table 5. In state 1, it shows that there are 778 hours when
TEWM is the optimal strategy. There are 271 hours when
TC-FTL-R is the optimal strategy. Selling electricity to grid
in TC-FTL-R can reduce its cost; if the sales income is
greater than the generation cost, the strategy could be the
strategy with the minimal cost.

The scatter plot of the ECELs and TCELs in state 1 are
shown in Figure 4(a). ECELSs are blue dots, and the TCELs
are black points. They are equivalent loads, when TC-FTL-R
is the optimal strategy. The yellow dots represent the ECELs
and the claret-colored points represent the TCELs. They are
the equivalent loads, when TEWM is the optimal strategy. In
Figure 4(a), it shows that, for the optimal strategy of PE-FPG
in state 1 (Table 5), the equivalent electricity loads of 1 178
points for ECELs and TCELs are higher than the maximal
power generation, where the red points represent the ECELs
and the green points represent the TCELs.

The ECELs and TCELs are all on the left side of the
boundary in state 2. The ECELs and TCELs are shown in
Figure 4(b). When TC-FEL-L is the optimal strategy in 5711
hours, the equivalent loads are shown as blue points/black
dots as ECELs/TCELs. The traditional strategy in this case is
FTL. If power generation cost of the CCHP is less than the
purchasing electricity price, the cost using FEL is less than
that using FTL, so TC-FEL-L is an optimal strategy in most
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( The chronological simulation of CCHP )
Input equipment parameters and capacity information; input
price information; input chronological load data.
t=1;

L

Calculating the equivalent load of ECEL and RCEL according
to (18) and (19)

v

Calculating the decision variables and operation in SP strategy.

v

Calculating the decision
variables and operation
cost using each strategy
in Table 1 (EC-XXX-L)

Calculating the decision
variables and operation
cost using each strategy
in Table 1 (EC-XXX-R)

No

Calculating the decision
variables and operation
cost using each strategy
in Table 1 (TC-XXX-L)

Calculating the decision
variables and operation
cost using each strategy
in Table 1 (TC-XXX-R)

[ ]
v

If the condition is true in Table 3, then calculate the decision
variables and operation cost using the strategy.

v

Select the operation strategy with the minimum operation cost
as the actual operation strategy.

v
[ t=t+1 |
v
No
( The END )

FIGURE 3: The chronological simulation flow diagram.

TaBLE 4: The parameters and price.

Item Value

Maximum capacity: 900 kW, the
generation efficiency parameter: a=-0.2,
b=0.4, c=0.1. The waste heat recovery
efficiency CHP, H=0.8
Maximum capacity: 1500 kW, the
coefficient of energy efficiency
COPABC=0.8.

Maximum capacity: 1200 kW, the
coeflicient of energy efficiency
COPEC=4.

Maximum capacity: 1800 kW, the boiler
efficiency BL=0.8

Generator

Absorption chiller

Electric chiller

Boiler

Gas lower heating

3
value, LHV 9.86 kWh/m
The gas price 2.43¥/m’
Selling electricity 0.50 ¥/KWh
price

Purchasing electricity 0.9288 ¥/kWh
price

9
TaBLE 5: The optimal strategy.
State 1 Strategy Num.
SP 0
TEWM 778
EC-IG-L 0
EC-FTL-L 0
TC-IG-R 0
TC-FEL-R 0
TC-BWSE-R 0
TC-FTL-R 271
State 1 TC-AHSE-R 0
TC-FPG-R 0
SE-FPG 0
PE-FPG 1178
BW-FPG 0
BW-MPG 0
PE-MPG 0
Summation 2227
SP 630
EC-IG-L 0
TC-1G-L 0
TC-FTL-L 0
TC-AHPE-L 0
TC-FEL-L 5711
TC-AHSE-L 0
State 2 TC-FPG-L 0
PE-FPG 0
PE-MPG 0
— 0
— 0
— 0
— 0
Summation 6341
SP 0
EC-IG-R 0
EC-FEL-R 171
EC-BWSE-R 0
EC-FTL-R 21
TC-IG-R 0
TC-FEL-R 0
TC-BWSE-R 0
State 3 TC-FTL-R 0
TC-AHSE-R 0
TC-FPG-R 0
BW-FPG 0
SE-FPG 0
BW-MPF 0
— 0
Summation 192

hours. When the equivalent loads are very small, as shown
by yellow dots and claret-colored points in Figure 4(b), the
operation costs supplying energy by CCHP are higher than
those by separation pattern. Furthermore, as shown in Table
5, in state 2, there are 630 hours when SP is the optimal
strategy.

As for state 3, as shown in Table 5, there are 171 hours
when EC-FEL-R is the optimal strategy and 21 hours when
EC-FTL-R is the optimal strategy. In state 3, ECELs and
TCELs are on the right side of boundary as shown in
Figure 4(b). EC-FTL-R is the optimal strategy when the
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TaBLE 6: The results of simulation.

Item The presented method HET
CCHP generation (kWh) 5, 164, 040.76 3, 075, 922.70
CCHP thermal recovery (kWh) 10, 724, 344.68 6, 352, 979.46
Selling electricity (kWh) 45, 080.84 0.00
Purchasing electricity (kWh) 521, 867.97 2, 663, 615.86
Supplying heat by boiler (kWh) 81, 639.37 1, 630, 075.48
Wasted heat (kWh) 2, 296, 472.99 0.00
Cooling by electric chiller (kWh) 954, 267.86 1, 349, 110.55
Cooling by absorption chiller (kWh) 4, 980, 597.90 4, 585, 755.21
Operation cost (¥) 5, 063, 864.42 6, 013, 709.08

equivalent electricity loads are less than the maximal
power generation. Otherwise, the EC-FEL-R is the opti-
mal strategy.

The results of the annual simulation based on the pre-
sented method and the HET rules are shown in Table 6.
Because the presented method uses the optimal strategy, the
annual operation cost using the presented method decreases
by 20.69% than that of HET. This means the generator can
produce more electricity and the purchasing electricity from
grid can be reduced with presented method, even if some

heat is wasted, the operation cost saving can also be
achieved.

A primal dual algorithm [20] is used to solve the optimal
models 1-16 for several typical loads. The results of the
optimal problem are consistent with the results of the
presented method. One of the results is shown in Table 7.
The results of two methods have the same characteristics that
the cold load, heat load, and the electricity load are met by
co-generation units, that is, the boiler does not work and the
selling/purchasing electricity to/from grid is zero. The results
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TaBLE 7: Results of the solution of the optimal model.

Item The presented method The primal dual optimization algorithm
Cold load 392.2 392.28
Heat load 1104.5 1104.5
Electricity load 867.1 867.12
Power generation (kWh) 868.1 868.48
Purchasing electricity from grid (kWh) 0
Selling electricity to grid (kWh) 0
Producing heat energy by boiler (kWh) 0
Cooling by electric chiller (kWh) 415
Cooling by absorption chiller (kWh) 388.3 388.63
Operation cost 1172.00 1172.54

display an interesting fact that the decision variables ob-
tained according to the optimal strategy in the presented
method do not iterate, so the results are more precise than
those of an optimal algorithm.

This simulation algorithm is implemented on MATLAB
platform. Annual simulation takes about 3.5 seconds. The
most time-consuming work in the simulation is solving
algebraic equation (23). The time consumption by HET
based simulation is about 0.58 seconds.

6. Conclusion

In this paper, all kinds of operation strategies of the CCHP with
two cooling methods are investigated according to the KKT
conditions of the optimal operation model. Among all the
feasible operation strategies, most of them do not meet the
KKT condition, and only 43 strategies may be the optimal ones.
These strategies constitute the candidate set. The conditions of
the optimal operation strategies in the candidate set are ob-
tained, and it is easy to calculate, so the optimal operation
strategies can be easily obtained from the candidate set.

KKT condition analysis based on the optimal operation
model shows that when both cooling modes work simulta-
neously, only TEWM, PE-FPG, PE-MPG, BW-FPG, PE-MPG,
and BE-MPG are possibly optimal, while other combinations
strategies are not optimal. When the cold demand is met by
electric chiller or absorption chiller alone, traditional FTL-L
and FEL-R may be the optimal strategies in some cases, but
there are also other strategies that cannot be ignored in the case
of electricity price and load, such as FTL-R and FEL-L and so
on.

A rule based on CCHP simulation method that selects
the strategy with minimal cost like the optimal strategy
during the candidate strategies is developed. A CCHP
system that supplies energy for a hospital load is used as a
case to test the present algorithm. Compared with the
traditional simulation based on HET operation strategy, the
results show that the operation cost of the proposed method
is less than that of the HET strategy. Compared with the
results of the optimization model, the cost of the strategy in
this paper is consistent with the optimization result at the
selected typical moments, which shows that the method in
this paper is based on the optimization strategy. The cal-
culation time of this method is a little longer than that of
HET simulation, but it is still fast enough (it takes 3.5

seconds to simulate 8760 hours). The presented method has
small time consumption but can simulate the optimal op-
eration. The proposed approach can be used as a tool to
estimate the operation cost in investment planning algo-
rithm. The storage devices and renewable energy will be
considered using the proposed method in subsequent work.

Nomenclature
Symbol
a, b, c:  The coeficient of power generation cost function

AHPE: Abandoning heat and purchasing electricity
strategy

AHSE: Abandoning heat and selling electricity strategy

BWSE: Boiler working and selling electricity strategy

BW-:  Boiler working, prefixion

CCHP: Combined cooling, heat, and power (CCHP)
system

COP:  Coefhicient of performance

EC-: Electric cooling, prefixion

ECEL: The electric cooling equivalent load

FEL: Following electricity load strategy

FPG: Full power generation strategy

FTL: Following thermal load strategy

IG: Insufficient generating, operation strategy
LHV:  Low heat value

MPG:  Minimal power generation strategy

PE-: Purchasing electricity, prefixion

PGU:  Power generation unit

TC-: Thermal cooling, prefixion

TCEL: Thermal cooling equivalent load strategy
TEWM: Thermal electricity while meet strategy
SE-: Selling electricity, prefixion

SP: Separate supply energy model

-L: Locate on the left of boundary, suffix
-R: Located on the right of boundary, suffix
Variables

L: The load (kWh)

P: The electric energy (kWh)

Q: The heat or cold energy (kWh)

t: Time variable

x: Binary variable, x =0, selling electricity model; x=1,
purchasing electricity model

Y: The equivalent electricity energy for electric chiller and
absorption chiller
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Z: 'The equivalent thermal energy for electric chiller and
absorption chiller

Subscript

ABC: Absorption chiller

BL: Boiler

C: Cold load

CHP: Combined heat and power system

E: Electricity load
EC: Electric chiller

E,E:  'The equivalent electricity load when electric chiller
supplies the cooling service

EEL: The equivalent electricity load while the electric
chiller and the absorption chiller work
simultaneously

EHL: The equivalent heat load while the electric chiller
and the absorption chiller work simultaneously

GRID: The purchasing or selling electricity from/to grid

H: Heat

H,E:  The equivalent heat load when absorption chiller
supplies the cooling service

MAX: The maximal value

MIN: The minimal value

Superscript

Purchase: Purchasing electricity from grid

Sell: Selling electricity to grid.
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