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Abstract

This paper establishes a comprehensive evaluation index system for new energy
distribution networks based on traditional distribution network evaluation mod-
els. The index system provides a relatively comprehensive assessment of new
energy distribution networks from five dimensions: equipment operation status,
power supply reliability, power quality, economic efficiency, and environmental
protection, thereby highlighting the distinguishing characteristics of new energy
distribution networks compared to traditional ones. Additionally, a compre-
hensive evaluation method based on the extension analytic hierarchy process
(EAHP) is proposed, which incorporates the fuzziness of human judgment on
the basis of the traditional analytic hierarchy process and more readily satisfies
the consistency requirements of the judgment matrix. Finally, case study anal-
ysis is employed to verify the comprehensiveness of the index system and the
adaptability of the evaluation method.
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Abstract

This paper establishes a comprehensive evaluation index system for distribu-
tion grids with renewable energy based on traditional distribution grid assess-
ment models. The index system provides a holistic evaluation from five dimen-
sions: equipment operational condition, power supply reliability, power quality,
economic efficiency, and environmental protection, highlighting the distinctive
characteristics of renewable energy distribution grids compared to conventional
ones. Additionally, a comprehensive evaluation method based on the extension
hierarchy analytical process is proposed. This method accounts for the fuzziness
inherent in human judgment and more readily satisfies consistency requirements
for judgment matrices compared to traditional analytic hierarchy processes. Fi-
nally, case study analysis verifies the comprehensiveness of the index system
and the adaptability of the evaluation method.

Keywords: Distribution grid with renewable energy; low-carbon and high-
efficiency operation; extension hierarchy analytical method

1 Introduction

In recent years, the massive consumption of traditional fossil fuels has exacer-
bated environmental problems, making the integration of renewable distributed
generation into conventional distribution grids a prominent research focus due
to its safety, cleanliness, and flexibility. Additionally, with the maturation of
electric vehicle technology, EVs will become significant loads for distribution
grids. However, current distribution grid assessments primarily target tradi-
tional networks, necessitating the establishment of a comprehensive evaluation
index system specifically for renewable energy distribution grids. Such a system
enables scientific and rational analysis to guide the construction and renovation
of these grids toward low-carbon, high-efficiency operation.

Existing research on traditional distribution grid evaluation is extensive, but
studies on grids with renewable energy remain limited. Reference [?] established
an index system for traditional distribution grids covering security, economy,
flexibility, reliability, and coordination, but it is unsuitable for comprehensive
evaluation of renewable energy grids. References [?] developed index systems
for reliability and security in traditional distribution networks. Reference [?]
created a cleanliness evaluation index system for smart distribution grids. Ref-
erence [?] evaluated reliability for distribution networks with distributed gener-
ation, but the indicator set was too limited and lacked specificity. Reference
[?] conducted comprehensive evaluation of distribution grids with distributed
generation without considering the environmental benefits of grid integration.
References [?] employed analytic hierarchy process for comprehensive evaluation
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but failed to address the limitation that traditional AHP cannot simulate the
fuzziness of human judgment.

To address these gaps, this paper establishes an index system for renewable
energy distribution grids that incorporates core requirements of modern grids
and employs the extension hierarchy analytical method for comprehensive eval-
uation.

2 Extension Hierarchy Assessment Method

The critical step in hierarchy assessment methods is forming judgment matri-
ces, which requires combining quantitative and qualitative analysis. Traditional
AHP uses a 1-9 scale and its reciprocals when comparing two indicators rela-
tive to a higher-level criterion, assigning a fixed value. While straightforward,
this approach ignores the fuzziness of human judgment. For instance, when ex-
perts assess the relative importance of indicator 1 versus indicator 2, they often
cannot be completely certain and provide an interval rather than a fixed value.
Extension hierarchy fuzzy analysis using extension interval number matrices
effectively addresses this fuzziness.

Furthermore, judgment matrices formed by traditional AHP often fail to satisfy
consistency requirements initially, particularly with many indicators, requiring
multiple adjustments. The final adjusted matrix may not accurately reflect
true relative importance. The extension hierarchy analytical method resolves
this issue effectively.

2.1 Extension Interval Number Judgment Matrix

Definition 1: Let R be the set of all extension sets on a given domain. If
a=[a",a'] € Rand a = [a",a"] = {z|0 < a= < 2 < a™}, then a is called
an extension interval number. The distance from 0 to point a is defined as
Ly(a)=a +at.

Definition 2: Let matrix A = [a;)],,,,,- If for all 4, j = 1,2,...,n, the following
hold: (1) a;; = [az;,a}] and 1/9 < aj; < af; <9; (2) a;; = 1/a
is called an extension interval number judgment matrix.

ji» then matrix A

Theorem 1: Let A =[A™, A*] be an extension interval number matrix. If A\~
and A1 are the maximum eigenvalues of A~ and A™, respectively, then: (1) A =
[A7, AT] is the maximum eigenvalue of matrix A. (2) X = [kxz~, mat] represents
all eigenvectors of matrix A corresponding to the maximum eigenvalue \, where
x~ and " are the normalized positive eigenvectors of A~ and A", respectively,
and k and m are positive real numbers satisfying 0 < kz~ < ma™.

Theorem 2: If matrix A is an extension interval number judgment matrix,
then the eigenvector satisfying consistency requirements is w = [kx ™, ma™] =

(W1, Wy, ey wy) T
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Consider A as an indicator at level k£ — 1 in the hierarchy structure, with n
factors at level k related to indicator A. When T experts conduct pairwise
weight comparisons of these n,, factors relative to indicator A, the fuzziness
of judgment leads them to provide extension interval numbers. The extension
interval number judgment matrix derived by expert t is A, = [aﬁj]nkxnk, where
aﬁj = [aﬁ;,afﬁ represents expert t° s assessment of the relative importance
between factor ¢ and factor j regarding indicator A, with t =1,2,...,T.

Integrating opinions from all T" experts yields the comprehensive extension in-
terval number judgment matrix A = [a;;],, ., , where a;; = [a;;, a}}] represents
the relative importance between factors ¢ and j regarding indicator A based on
all expert opinions.

The steps to obtain the weight vector for the n, factors at level k relative to
indicator A at level k — 1, using the comprehensive extension interval number
judgment matrix A = [A~, AT], are:

(1) Find the normalized positive eigenvectors 2~ and z" corresponding to the
maximum eigenvalues of matrices A~ and A™.

(2) Determine the values of k& and m using equations (3) and (4) to ob-
tain the consistency-satisfying extension interval number weight vector
Wy = (WA, WAz, ey Wan, )T = [kz™,mat], where wy; = [wy,,wh,] (i =
1,2,...,n;) represents the extension interval number weight of factor ¢
relative to indicator A.

2.2 Solving Extension Interval Numbers

In traditional AHP, the weight vector of a judgment matrix is the normalized
eigenvector corresponding to the maximum eigenvalue. In extension hierarchy
analysis, the judgment matrix is an extension interval number matrix, and the
normalized eigenvector obtained is the extension interval number weight vector
in equation (8). This vector must be converted to a real number weight vector.

According to Definition 1, the distance from 0 to each element in the consistency-
satisfying extension interval number weight vector is Ly(w 4;) = wy,;+w};, where
Ly(w,;) represents the single-level ranking of factor ¢ related to indicator A at
level k. After normalization, we obtain Ly(A) = (L gy, L g, .., LAnk)T, where
Ly(A) represents the single-level weight vector of the n;, factors at level k relative
to indicator A at level k& — 1.

2.3 Comprehensive Weight Vector and Comprehensive Assessment
Value

Using a three-level hierarchy structure as an example, we calculate the compre-
hensive weight vector and assessment value. [Figure 1: see original paper| shows
the three-level structure of the extension hierarchy analytical method. The first
level is the goal layer, reflecting the final system evaluation; the second is the
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criterion layer, representing major categories; the third is the indicator layer,
representing specific metrics.

Assume the criterion layer has n criteria, with m; indicators related to criterion
A;. The single-level weight vector of these indicators relative to criterion A,
can be derived from the indicator layer’ s extension interval number judgment
matrix as Lo(A4;) = (L(Byy), L(Bys), ..., L(By,, )", where L(By;) (i = 1,2, ..., n;
j=1,2,...,m,;) represents the weight value of indicator B;; relative to criterion
A,
From the criterion layer’ s extension interval number judgment matrix regard-
ing the goal layer, we obtain the single-level weight vector of all criteria rel-
ative to the goal layer: Ly(G) = (L(A;),L(Ay),...,L(A,))T, where L(A,)
(¢t = 1,2,...,n) represents the weight value of criterion A, relative to the goal
layer.

The comprehensive ranking weight vector of the m, indicators related to crite-
rion A; for the goal layer is P;(G) = (P(B;;), P(B;s3), ...,P(Bimi))T =L(4,)-
Ly(A;), where P(B;;) represents the comprehensive weight value of indicator
B;; relative to the goal layer.

If the indicator value vector for the m; indicators related to criterion A; is W; =
(W1, Wygy - s Wy, ), then the comprehensive assessment value of the evaluated

i

system is [W; P;(G)] = [W; - L(4;) - Ly(A,)].

3 Assessment Indicators for Low-Carbon and High-
Efficiency Operation of Power Grids

When establishing a comprehensive index system for renewable energy distribu-
tion grids, principles of systematicity, scientific rigor, independence, adaptabil-
ity, and comparability must be followed. This paper constructs a three-level
hierarchical model for distribution grid comprehensive assessment from five cri-
teria: equipment operational condition, power supply reliability, power quality,
economic efficiency, and environmental protection, as shown in [Figure 2: see
original paper].

3.1 Equipment Operation Indicators

Distribution grids consist of distribution lines, transformers, and numerous
power electronic components whose operational conditions directly affect grid
performance. This paper selects the following indicators to reflect equipment
operation:

(1) Equipment Service Life Indicator (B;;): Equipment condition is
closely related to service life. Failure probability increases exponentially
after a certain operational period. The calculation is By; = N;/N,, where
N is the total number of grid equipment and NV, is the number of equip-
ment exceeding 60% of rated service life.
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Equipment Maintenance Level Indicator (B,): This parameter af-

fects equipment condition, calculated as By, = Zill M, /Ny, where M,
represents the maintenance level of equipment 4 (1 for good, 0.5 for aver-
age, 0 for substandard).

Equipment Failure-Free Rate Indicator (Bj3): This reflects equip-
ment reliability to some extent: B;5 = Tp/T, where T is the statistical
period duration and T’ is the grid’ s operational time with all equipment
failure-free.

Equipment Overload Rate Indicator (B;,): Overloading increases
failure probability and indicates unreasonable network structure if
widespread. The indicator is By, = 1/N_,, where N_ . is the total
number of overloaded equipment during the statistical period.

3.2 Reliability Indicators

Power supply reliability measures a distribution system’ s ability to maintain
continuous, adequate power supply. This paper selects five indicators:

(1)

Power Supply Reliability Rate (B,;): Quantifies reliability based
on the “Power Supply System User Power Supply Reliability Evaluation
Regulations,” excluding outages from external grid faults: By, = 1 —

% x 100%, where T, is outage time and T is the statistical period.

Average Customer Interruption Duration (B,,): Defined as average
outage hours per customer: By, = Z% x 100%, where Tp,; is outage

duration per customer and N is total users.

Average Customer Interruption Frequency (B,;): Average annual
outages per customer: By; = Z%Di, where Np, is number of interrupted

customers per outage.

Load Transfer Capability Between Lines (B,,): Relates to “N-1”

reliability. When a line fails, its load must transfer to other lines. Stronger
NL Pineed
i1 P
N, is total lines, PPe°d is transferable load, and P*" is required trans-
ferred load.

Line Non-Full Load Rate (B,;): Lines exceeding 0.8 load factor are
considered fully loaded. Excessive full-load lines weaken structural re-
silience: Bys = N, — N, where N 5 is number of fully loaded lines.

transfer capability indicates higher reliability: By, = > where

3.3 Power Quality Indicators

Providing quality power is essential. Renewable generation and EVs transform
passive networks into active ones, introducing volatility and randomness that
adversely affect power quality. Power electronic interfaces also introduce har-
monics. This paper selects five indicators calculated via membership functions:
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(1) Voltage Deviation Membership Function: f(AU) = exp(—AU?/20?),
where AU is voltage deviation percentage and o is a constant.

(2) Voltage Fluctuation and Flicker Membership Function: Similar
functional forms apply for frequency deviation, harmonics, and three-
phase unbalance.

3.4 Economic Indicators

Economic assessment must consider both loss reduction from distributed gener-
ation and investment costs. This paper includes three indicators:

W W,

(1) Line Loss Rate (B,;): Uses statistical line loss rate: By, = e

100%, where W, and W, are power supply and sales quantities.
(2) Power Supply per Unit Asset (B,,): Reflects return on net assets:

N

Y. 4P . .
B, = =5, where Y is total grid assets.

(3) Input-Output Ratio (B,3): Measures investment return: B,; =
% x 100%, where Y7, Y5, and Y; are sales revenue, power purchase

cost, and O&M cost.

3.5 Environmental Indicators

Renewable generation and EVs reduce losses, fossil fuel consumption, and emis-
sions. The environmental criterion includes:

(1) Clean Energy Grid-Connected Rate (Bj;): Percentage of actual

clean energy integrated: By, = ZX::GQ# x 100%, where €2 is the clean
ieQ

i

energy unit set.

(2) Clean Energy Generation Proportion (By,): Ratio of clean energy
to total generation: By, = Ze% x 100%.

(3) Emission Reduction Indicators (Bjs3-Bss): For CO , SO, and nitro-
gen oxides. Assuming non-renewable generation comes from coal: Cpo =
> icq Wikaas, where ky is coal emission coefficient. EVs also reduce emis-
sions: Cpy = WEV%—??’, where Wy, is EV charging energy. The CO

reduction ratio is B3 = %ngiﬁf" Similar formulas apply for SO and

nitrogen oxides using coefficients b, b3, ¢y, C5.
4 Case Study
4.1 Example and Data

A distribution grid in Guangdong province validates the method. Assuming
EV charging power of 45 kW, consumption of 15 kWh/100km, and fuel vehicle
consumption of 7 L/100km, indicator values are calculated using the formulas
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from Section 3. Scores are then assigned on a 100-point scale, with results shown
in .

4.2 Comprehensive Weights Using Extension Hierarchy Analysis

Two expert groups (grid dispatchers and O&M personnel) provided pairwise
comparisons of criteria importance, shown in , where A;-A; represent equip-
ment condition, reliability, power quality, economy, and environmental pro-
tection. Integrating both groups’ data using equations (6) and (7) yields the
comprehensive judgment matrix.

The eigenvectors corresponding to the maximum eigenvalues of matrices A~ and
A* are: 7 = [0.0978,0.3554,0.2397,0.1313,0.1757]7
o = [0.1128,0.3552,0.2340,0.1225,0.1755] 7

From equations (3) and (4), k = 1.04 and m = 0.84, yielding the extension inter-
val weight vector via equation (8). Using equations (9) and (10), the criterion
layer weight vector is: Ly (A) = [0.1045,0.3553,0.2372,0.1274,0.1756] 7

The same method calculates indicator-level single-level weights, and equation
(14) yields comprehensive weights. shows single-level and comprehensive
weights.

4.3 Comprehensive Assessment and Analysis

Equation (14) produces comprehensive assessment values for five supply dis-
tricts, shown in . District D has the highest score (optimal performance) but
lower economy than others, suggesting economic improvements. District B
scores lowest due to zero clean energy integration, making its environmental
indicator zero. District C’ s equipment condition is slightly lower, indicating
need for improved maintenance.

5 Conclusion

This paper establishes a comprehensive evaluation model for renewable energy
distribution grids covering equipment condition, reliability, power quality, econ-
omy, and environmental protection. Compared to traditional models, it empha-
sizes environmental criteria using five performance indicators including clean
energy grid-connected rate and CO emissions. The extension hierarchy method
better simulates human judgment fuzziness than conventional AHP.

Case study results demonstrate the method’ s comprehensiveness and practi-
cality for renewable energy distribution grids. The approach provides not only
comprehensive assessment values but also identifies weak links, offering refer-
ences for future planning and operational optimization.
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