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Abstract: To integrate different renewable energy resources
effectively in a microgrid, a configuration optimization model
of a multi-energy distributed generation (DG) system and its
auxiliary equipment is proposed. The model mainly consists of
two parts, the determination of initial configuration schemes
according to user preference and the selection of the optimal
scheme. The comprehensive evaluation index ( CEI), which is
acquired through the analytic hierarchy process (AHP) weight
calculation method, is adopted as the evaluation criterion to
rank the initial schemes. The optimal scheme is obtained
according to the ranking results. The proposed model takes the
diversity of different equipment parameters and investment cost
into consideration and can give relatively
economical  suggestions  for  system  configuration.
Additionally, unlike Pro, the proposed model
considers the complementation of different renewable energy
resources, and thus the rationality of the multi-energy DG
system is improved compared with the single evaluation
criterion method which only considers the total cost.
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‘ x Tith the continuous development of micro-grid tech-

nology, research on multi-energy generation Sys-
tems have some foundation. As to the capacity alloca-
tion, scholars at home and abroad have carried out re-
search. In order to improve the reliability and economy of
the generation system, the capacity of the stand-alone re-
newable energy generation system was configured accord-
ing to regional environmental conditions'". The loss
power supply probability ( LPSP) was used to calculate
the energy storage capacity and the quantity of photovol-
taic panels based on meteorological data' . In Refs. [3 —
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5], the genetic algorithm (GA) was adopted to optimize
the capacity of the hybrid power system and it performed
better than the dynamic programming ( DP) algorithm in
the simulation. In Ref. [6], the evolutionary program-
ming method was used to optimize the allocation of the
wind/solar hybrid system. Overall, there is little research
taking complementation among different natural resources
into consideration.

Regarding the evaluation of multi-energy power genera-
tion, various criteria have been proposed. Quantitative
analysis of different indicators was conducted'”’. The pro-
gramming model for the distributed generation system was
optimized according to the cost-benefit analysis'”'. The
position and capacity of the distributed generation system
were optimized to minimize the costs of investment and

9-11 . .
o indices of the

multi-energy generation system are relatively unitary!”™",
which do not comprehensively cater to the preference of
planners.

Additionally, a number of laboratories abroad have de-
veloped some software, such as HOMER and Hybrid2.
However, HOMER carries out the simulation mainly
based on specific equipment types and the quantity set by
users''”. Hence, the complementation among renewable
energy generations lacks of consideration.

In this paper, a configuration optimization model of the
multi-energy distributed generation system and its auxilia-
ry equipment is proposed. The model mainly consists of
two parts,
schemes and the selection of the optimal scheme.

operation Overall, the evaluation

the determination of initial configuration

1 Initial Configuration
1.1 Optimization of allocation ratios

Due to the fluctuation and uncertainty of renewable en-
ergy output power, it is necessary for a stand-alone mi-
crogrid to allocate auxiliary equipment, such as energy
storage and diesel generators. Since the latter consumes
primary energy and causes pollution, energy storage is
given priority to compensate for the power shortfall.

In this section, based on the diesel generator capacity
proportion estimated according to the planning require-
ment, the minimization of energy storage capacity is
taken as the objective function of initial optimization.
Generally, the cost of energy storage accounts for a high-
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er proportion of the total cost of microgrid construction.
Hence, the minimization of energy storage capacity is
taken as the initial target. The complementation of renew-
able energy resources is considered in this section as well.
In addition, to avoid the energy storage oversizing in
some extreme cases, here storage configuration is consid-
ered to meet the electricity demand for a predetermined
time period.

First, the hourly mismatch power is calculated. It is
not difficult to discover that energy storage charges if
A(?) >0 and discharges if A(f) <O0.

A(1) =AlaPg(t) +bPy(1) +(1 —=a-b)Py(1)] + P, - L(1)
(D

where A is the ratio coefficient of the distributed genera-
tion capacity to the load capacity; a, b and 1 —a — b are
the proportions of photovoltaic power, hydro power and
wind power, respectively; Py, Pg, P, and L are the
standardized data of wind power, PV power, hydro pow-
er and load demand, respectively.

Traditional allocation models of energy storage capaci-

13 . . . ..
" tend to differ in the maximum and minimum values

ty
of the electricity stored in the device during the entire
time segment as the rated capacity. Under this condition,
the rated capacity is considerable and will increase as time
passes. Thus, the traditional configuration capacity ex-
pression is redefined as

=t

E,= I]Emax( H _store(t) —min H_store(#')) (2)

H store(f) = H _store(t—1) + {mﬁ( 1) A(1) =0
Naise AT A(t) <0
(3)

where B8 is the maximum depth of discharging; 7. and
N4 are charging and discharging efficiency values, re-
spectively; H _store(t) is the energy stored in device at
time ¢. The difference in Eq. (2) represents the total re-
lease energy after time ¢. Eq. (2) ensures that the energy
stored in device will not become negative at any time dur-
ing the predetermined time period.

Here, a and b are taken as optimization variables and
the minimization of energy storage capacity is taken as the
objective function. Additionally, the limited SOC range
is taken as the constraint. Then, the genetic algorithm is
used to solve the problem.

After optimization, the optimal allocation ratios of the
renewable energy resources and the corresponding energy
storage capacity are obtained. Then, the initial optimal
capacity of each generating set is acquired.

1.2 Determination of initial schemes

Although the ideal renewable energy capacity is
achieved above, it is still difficult to select one type of
generator directly due to the diversity of equipment pa-

rameters and investment cost of different types. There-
fore, in this section, the ideal capacity obtained above
will be taken as the standard value and be extended by the
extended coefficient matrix to obtain different power allo-
cation schemes. Additionally, only a single type is adopt-
ed in each group for convenience. The detailed steps are
as follows:

Step 1 The ideal capacity of renewable energy and
the corresponding energy storage equipment are obtained
according to a and b as mentioned in Section 1. 1.

Step 2 The ideal capacity values are multiplied by the
extended coefficient matrix T to obtain the extended ma-
trix A of the wind output power, extended matrix B of
PV output power, extended matrix C of hydro output
power and extended matrix D of energy storage capacity.

Step 3 Equipment type selecting principles are deter-
mined. A suitable type from the equipment type list is
chosen and the corresponding quantity of generators is
calculated to form the equipment selection list of the wind
turbine, PV panel, hydro turbine and energy storage.
Equipment type selecting principles include the common
principle and the non-common principle. The former re-
quires that the difference between the actual capacity and
the ideal one is minimum. The latter requires that the
maximum wind speed should not exceed the rated wind
speed if the type of wind turbine is chosen and the rated
capacity and power both need to be matched if the type of
energy storage is chosen.

Step 4 The initial schemes are obtained through per-
mutation and combination according to the equipment se-
lection list.

2 Optimal Selection Among Initial Schemes

Based on the historical meteorological data and load
data, the simulation of the hybrid generation system is
carried out under the guidance of energy management
strategies. Then, each evaluation index from the different
initial schemes is obtained. In addition, the quantity of
diesel units is modified during this stage.

2.1 Energy management strategies

The main idea of energy management is to consume the
output power of wind turbine, photovoltaic panel and
hydro turbine first and then the energy storage to compen-
sate for insufficient power. Diesel units are the last back-
up to call. The energy management process is shown in
Fig. 1

The main energy management strategies of the multi-
energy power system concern energy storage and the
diesel units.

2.1.1 Strategies for energy storage

Whenever the number of the working days reaches the
predetermined time period value, the state of charge
should be reset to 1.
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As for charging strategies, when the total output power
of the hybrid generation system is larger than load power
P, ..(1t), the surplus energy usually charges the energy
storage until one of the following two situations occurs:
1) The value of SOC S, reaches the upper limit value
S...; 2) The output power of renewable energy hybrid
power generation is less than or equal to the load power.

As for discharging strategies, when the total output
power of the hybrid generation system is less than the
load power, energy storage is used to compensate for the
load gap. Energy storage discharges until one of the fol-
lowing two situations occurs: 1) The value of SOC S,
reaches the lower limit value S 2) The total output
power of the hybrid generation system meets the load de-

Input:resources and meteorological data;
equipment parameters; load
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Fig.1 Flowchart of energy management

2.1.2 Strategies for diesel generators

If the power supply cannot be satisfied merely by ener-
gy storage, the diesel generator will be started at the same
time. When the required power is greater than the mini-
mum starting power P, ..
diesel generators should be started one by one in order to
ensure the economic operation. The minimum running

of the diesel generator, the

time should be set to decrease the energy consumption
caused by frequent startup and shutdown of generators. If
the minimum running time is not reached, the operation
state of the diesel generator will not switch.

Therefore, there are three operation modes of the auxil-
iary equipment, as shown in Fig. 1. They are the energy
storage charging mode, energy storage stand-alone power
supply mode and energy storage/diesel combined power
supply mode.

When one of the following two power shortage situa-
tions occurs, the energy storage works in the stand-alone
power supply mode: 1) The insufficient power P, is not
greater than the maximum output power of the energy
storage P,
ges for per unit time period with P,, S, is not less than
Son- 2) P, is greater than P but - P, P
P

and after energy storage continuously dischar-

rbat? ou 18 less than

dmin *

When the other power shortage situations occur, energy
storage works in the energy storage/diesel combined pow-
er supply mode. The output power of energy storage P
is calculated by

bat

(Sb B Smin)Erbal,N

R (4)

where E, \ is the rated capacity of energy storage; T is
the unit time period. The diesel output power P, is calcu-
lated by

P,=-P,-Py, (5)

When power is surplus and SOC does not reach the up-
per limit, energy storage works in the charge mode until
SOC reaches the upper limit and wastes the excess power.

2.2 Evaluation indices of initial schemes

The system total cost ( STC), loss of clean energy
probability (LOEP) and loss of load probability ( LOLP)
are three main evaluation indices of the hybrid generation
system. Here, the linear weighting method is adopted to
integrate the above three indices. The weight coefficients
are determined by the AHP method and then the compre-
hensive evaluation index (CEI) is obtained. First of all,
the values of STC, LOEP and LOLP are obtained through
loop computing. Assuming that the planning working pe-
riod of the micro grid is Y years, the value of STC is ob-
tained as

Eg;c = cost(numy,, hum,,, UM, UM, UM, ) =
COStyy + COStpy + COStyy + COStyg + COSt . =
nuI‘nWT( CWT + MWT, Y) + numPV( CPV + MPV. Y) +
numy (Cyp + My ) +numpg(Cyg + Mg ) +
[ numdiesel( C + Mdiesel, Y) + Cfuel] (6)

diesel

where

Mi,Y=MiZ(1 +R)*j=M_w (7)

I+ DT

In Eq. (6), cost, and C, are the total cost and invest-
ment cost of generating set i, respectively. M, is the
cost of operation and maintenance (O&M) of generating
set i for Y years. M, is the cost of O&M at present num, is
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the quantity of generators in generating set i. Here, i can
represent WT (wind turbine set), PV ( photovoltaic panel
set), HT (hydro turbine set), ES (energy storage set)
and diesel (diesel generator set)

The value of LOEP is calculated as follows:

W(t) =EEs(t_l) +(Ew(t) +Es(l) +EH(Z) _QL(I))nC

(3)
S = 0 W(t)SER’ES 9
rorr (1) ‘{1 W(1) = Ey g5 @
2 (SLOEP(I)(W(t) _ER,ES))
Eop = = (10)

nc Z QL( t)

where E ((t—1) is the remaining energy of energy stor-
age at time ¢t - 1; E(#), E4(¢) and E, (¢) are the output
energy of wind turbines, PV panels and hydro turbines,
respectively, at time #; Ej . is the rated capacity of ener-
gy storage and Q, (f) is the load demand at time t; E| .,
is the value of LOEP.

The value of LOLP is calculated as follows:

W(1) =E, (1) +Ey(1) +Eg(1) +Ey() - 0,(1)  (11)
[0 W(r) =0

S ={] iy 2o (12)
2 (- SLOLP(I) W(1))

Epop = = (13)

Z 0, (1)

where E_ (i) is the output energy of auxiliary equipment
LoLp 18 the value of LOLP.

To make the above three indices comparable, indices
should be normalized by

at time i; E

.~ __d(i) —min(d)
Door( D) = Lk (d) —min(d)

(14)

where d is the data to be normalized.
The value of CEI is obtained as follows:

E g = OgrcEsrenon + OrospErogpnnr T @ror Evore e ( 15)

where wgre, o and w, o, are the weight coefficients
determined by the AHP weight calculation method accord-
ing to the importance ranking of STC, LOEP and LOLP,
respectively; E.g is the value of CEL

3 Case Study

In this section, a case study is given based on the me-
teorological data of an area in Jiangxi Province. The final
configuration scheme will be compared with the results
under similar circumstances by HOMER Pro software.

In this case, assume that the diesel can support 10% of
the load power supply. The equipment type list for the se-
lection is shown in Tabs. 1 to 3. Assume that A =1.1, 7,

=0.8 and 7 . =0.8. The influence of allocation ratios
of the wind power and PV power on energy storage ca-
pacity is shown in Fig.2 by mesh graph.

Tab. 1
and hydro turbine

Equipment type list of diesel generators, PV panels

Rated power/ Cost/ Oo&M/
Set Type B
kW yuan (yuan - year~')
Diesel D1 8 4 500 800
D2 10 6 000 1 000
PVI 0.315 900 10
PV2 0.260 780 8
PV panel
PV3 0.195 550 5
PV4 1 3 000 20
H1 6 3000 80
Hydro H2 20 25 000 250
turbine H3 16.5 50 000 1 000
H4 180 110 000 11 000
Tab.2 Equipment type list of batteries
Rated Cost/ Oo&M/ Rated Cycle
Type power/ (yuan - capacity/ efficiency/
kW YU vearhy (KW - h) %
Bl 10 15 000 900 20 64
B2 15 50 000 4 500 60 64
B3 20 80 000 5 000 100 64
B4 10 5 300 430 4 80
B5 8 3 000 300 2.5 90
Tab.3 Equipment type list of wind turbines
Rated ost/ O&M/ cutin” Viated! Veutou”
Type power/ (yuan - _ 0 -
kW yuan year ') (m-s™) (m-s™) (m-s™)
Wi 1 7 200 180 3.5 12.0 25.0
w2 3 10 500 200 3.5 11.5 23.0
W3 8.1 29000 400 3.0 13.0 25.0
Note: Voins Viaea and Vi oy are the cut-in wind speed, rated wind

speed and cut-out wind speed, respectively.
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Fig.2 Influence of renewable energy allocation ratios on ener-

gy storage capacity

As shown in Fig. 2, the lower left region is feasible.
The capacity of energy storage decreases as the color
deepens. Optimal allocation ratios of renewable energy
resources are obtained by the genetic algorithm. After 50
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iterations, the solution is relatively stable and the ratios of
PV power, hydro power and wind power are 16.77%,
60.79% and 22.44% , respectively. The corresponding
energy storage capacity is 0. 004 3. Hence, the installed
capacity values of wind turbines, PV panels and hydro
turbines are 4. 0, 3.0 and 10.9 kW. Assuming that the
energy storage can guarantee power supply reliability for
at least a quarter of a year, the value of corresponding
storage capacity is 165.8 kW - h.

Assuming that the extended coefficient matrix 7 =
[0.8, 1, 1.2], the extended matrix of wind power, PV
power and hydro power are, respectively, A = [3. 2,
4.0, 4.8], B=[2.433.6] and C=[8.7, 10.9, 13.1].
The extended matrix of energy storage capacity is D =
[132. 6, 165.8, 199.0]. We select the suitable type
from Tab. 1 to Tab. 3 and calculate the quantity of wind
turbines, photovoltaic panels, hydro turbines and energy
storage according to the equipment selection principles
mentioned in section 1.2. 144 groups of initial schemes

are obtained after permutation and combination.

Then, the operation of the hybrid power system is sim-
ulated according to the energy management strategies and
the indices of LOLP and LOEP are obtained. Assuming
that the importance ranking are LOLP > STC > LOEP,
the weight of the three indices is 0. 64, 0.26 and 0. 10,
respectively, by the AHP method. In this section, two
scenarios with different weight coefficients are consid-
ered.

3.1 Results

Scenario 1 The weights of LOLP, LOEP and STC
are 0.64, 0.1 and 0.26, respectively.

Scenario 2 The weights of LOLP, LOEP and STC
are 0, 0, and 1, respectively.

The value of CEI is calculated by Eq. (15). 144
groups of initial schemes are sorted by the value of CEI.
The results are shown in Tabs.4 and 5.

Tab.4 Results of ranking schemes when w,; o, =0.64, w o =0.1, wgrc =0.26 (only top 5 are given)

No. WT WT PV PV ES ES HT HT Diesel Diesel LOEP/  LOLP/ STC/
type QTY type QTY type QTY type QTY type QTY % % yuan
94 2 1 3 12 1 9 1 2 1 0 59.4 0.000 0 291 704
76 2 1 2 9 1 9 1 2 1 0 59.4 0.000 0 292 287
112 2 1 3 15 1 9 1 2 1 0 59.4 0.000 0 293 558
130 2 1 3 18 1 9 1 2 1 0 59.4 0.000 0 295 412
92 2 1 3 12 1 6 1 2 1 1 59.7 0.063 7 259 154
Tab.5 Results of ranking schemes when w, o =0, @, o =0, wgrc =1 (only top 5 are given)
No. WT WT PV PV ES ES HT HT Diesel Diesel LOEP/ LOLP/ STC/
type QTY type QTY type QTY type QTY type QTY % % yuan
92 2 1 3 12 1 6 1 2 1 1 59.7 0.063 7 259 154
74 2 1 2 9 1 6 1 2 1 1 59.7 0.063 7 259 737
110 2 1 3 15 1 6 1 2 1 1 59.7 0.063 7 261 008
128 2 1 3 18 1 6 1 2 1 1 59.7 0.063 7 262 862
20 1 2 3 12 1 6 1 2 1 1 59.4 0.019 4 266 793

3.2 Analysis

3.2.1
We calculate the index values of the loss of load proba-
bility k£, the maximum ratio of output power «, the mini-
mum ratio of output power 8 and the capacity ratio of en-
ergy storage g
optimal proportion of renewable energy resources.

Index values under optimal proportion: k=0.345 0; «
=0.2733; 8=0.954 3; £=0.033 6.

Index values under non-optimal proportion (45% wind
power, 25% PV power, 30% hydro power): k =0.406 4;
a=0.3380; B=0.5047; £=0.139 2.

According to the above results, it is clear that better
complementation is achieved with optimal ratios of renew-
able energy. The loss of load probability is decreased and
the power supply reliability of the stand-alone microgrid
is enhanced under this circumstance.

Complementary analysis

under the optimal proportion and non-

3.2.2 Schemes comparison

Scenario 1 is taken as an example. We compare the in-
itial scheme No. 94 with No. 130. The fluctuation of SOC
and the quantity of starting diesel generators at each hour
are shown in Fig. 3 and Fig. 4. The fluctuation of SOC in
No. 130 is more dramatic than that in No. 94 and there are
more frequent switches between startup and shutdown of
diesel generators in No. 130, which is unfavorable to
equipment.
3.2.3 Cost verification

Here, HOMER Pro is adopted for comparison with the
model in this paper. As HOMER Pro can only solve the
model with user setting types and probable number of
equipment, it lacks the consideration of the complementa-
tion among the renewable energy resources.

The scheme No. 92 is taken as an example to construct
a project in HOMER Pro and the same meteorological re-
source data is input. The simulation results are shown in
Tab. 6.
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Notice that the results in HOMER Pro can only be sor-
ted by STC. That is to say, this condition is equal to
Scenario 2. As shown in Tab. 5 and Fig. 6, the costs ob-
tained by the two methods are almost equal. Hence, the
cost calculation by this algorithm is relatively rational.

Time/10°h
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04
0.2-
(a)
*2 1.0 -
5
)
&
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‘éo 0 5 L
5
5
b
E O 1 1 1 |
2 0 2 4 6 8
Time/10°h

(b)
Fig.3 Profiles of SOC and the number of diesel units in use at
each hour (No.94). (a) Fluctuation curve of SOC; (b) Number of
starting diesel generators at each hour
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Time/10°h
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Fig.4 Profiles of SOC and the number of diesel units in use at
each hour (No. 130). (a) Fluctuation curve of SOC; (b) Number of
starting diesel generators at each hour

Tab.6 Configuration results by HOMER Pro

PV/kW Diesel’kW  ES(L16P) HT/kW STC/yuan
3.00 8.00 8 16.6 268 607
3.50 8.00 8 16.6 272 560
3.00 8.00 10 16.6 273 164
3.00 8.00 8 20.6 275 442
3.50 8.00 8 18.6 277 116

4 Conclusion

In this paper, a novel configuration optimization model
for a multi-energy generation system and its auxiliary
equipment are proposed. Compared with the traditional
method only based on the intelligent algorithm, this mod-
el can not only take the diversity of different equipment
parameters and investment cost into consideration; but al-
so easily be developed into configuration software for
planning the distributed power generation system due to
its practicality and easy realization. Additionally, unlike
HOMER Pro, it considers the complementation of differ-
ent renewable energy resources and the rationality of the
multi-energy DG system is improved compared with the
single evaluation method which only considers the total
cost.
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