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Abstract—Due to decarbonisation and decentralisation of 

energy sectors, the rise of distributed generation (DG) will modify 

generation and demand patterns at grid supply points (GSPs), 

where the interface between distribution and transmission systems 

takes place. With the increasing penetration of such devices, 

methodologies able to evaluate its contribution to both local 

distribution network and transmission system become crucial. 

This paper proposes an analytical method to evaluate the DG 

locational incremental contribution (LIC) to the interface with the 

transmission grid. Accordingly, the original model of the UK 

engineering recommendation P2 is enhanced by studying the 

impacts from high-voltage distribution networks (i.e. ≤ 132 kV) 

under normal and contingent conditions. This approach enables a 

more accurate network security assessment, especially when 

considering contingencies such as distribution system faults. To 

illustrate the proposed method, the original P2 model is compared 

against different enhanced approaches on three basic distribution 

networks, followed by a case study and a sensitivity analysis on a 

revised IEEE 14-bus GSP system. The proposed LIC method 

produces results that assess a wider range of conditions including 

DG penetration, concentration, and system reliability. 

Furthermore, it provides an increased DG visibility for 

transmission planning and operation. 

 
Index Terms— distributed generation, power system reliability, 

network congestion management, network state enumeration, 

transmission system operator.  

NOMENCLATURE 

A. Indices and Sets 

l      Circuit line 

m      Component’s down state 

n      Component’s up state 

s      System state 

Tm     Persistence time 

B. Variables and Parameters 

P(s)     Distribution system probabilities 

U      Component’s unavailability 

Um     Component’s down state 

Un     Component’s up state 
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λ      Component’s failure rate (FR) 

r      Component’s mean time to repair (MTTR) 

Pl      Circuit power flow 

Cl      Circuit capacity limit 

Pl/PDG   Power transfer distribution factor 

Vn      Bus voltage magnitude 

Өn     Bus phase angle 

DGN     Distributed generation unit 

ECN     Unit’s effective capacity 

DNCN    Unit’s declared net capacity 

SFN     Unit’s scaling factor 

NEN     Unit’s network effects 

LICN     Unit’s locational incremental contribution 

PC     Power component 

I. INTRODUCTION  

HE evolution into zero-carbon economies is progressively 

introducing a large growth of renewable generation in the 

energy mix [1]. Due to size and location, renewable resources 

can contribute to distribution levels that vary from low to extra 

high-voltage levels [2]. The growing penetration of distributed 

generation (DG) is modifying generation and demand patterns 

at the interconnection between transmission and distribution 

systems, i.e. grid supply points (GSPs), which changes the way 

the transmission grid operates and increases the challenges of 

energy balancing, demand forecasting and constraint 

management. As one of the benefits from DG is reliability 

enhancement [3]-[6], the conventional GSP duty to satisfy 

system security and demand adequacy can now be shared by 

embedded DGs from distribution networks. 

Considerable work was undertaken at power distribution 

levels to weigh the influence of DG to local network adequacy 

[7]-[12]. These studies have proposed methods to determine 

DG’s ability to satisfy network’s peak demand during normal 

operations. However, its relatively low and dispersed 

penetration at the current stage has led to limited studies on the 

impact of DG on transmission levels, particularly for the 
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concerns of network security and reliability [13]-[15]. More 

importantly, as revealed in [16]-[18], no practical/reliable tools 

are available yet to accurately quantify DG’s increasing effects 

to transmission networks. The security and quality of supply 

standards (SQSS) in Great Britain sets out criteria for the 

operation and planning of the power transmission grid [19]. 

Accordingly, it presents a purely deterministic approach to 

measure the influence of major DGs to securing the group 

demand in each case, specifically the inherent contribution time 

of different intermittent generation. Another approach to 

assessing DG input is the engineering recommendation ER P2, 

recently updated to P2/7 [20][21], which has been in place in 

the UK for more than 4 decades as a guide to distribution 

network operators (DNOs) and long-term planning [22]. 

Compared with the SQSS standards in [19], ER P2 dictates a 

more comprehensive direction on best ways to estimate DG 

security contribution, as it considers different characteristics of 

the examined DG such as generation availability or plant size. 

Nevertheless, for the correct assessment of security 

contribution from DG technologies to the transmission grid 

specifically, the interconnection, i.e. the distribution network, 

cannot be neglected. Different transmission-level studies on 

DG have already recognised these distribution network-

imposed constraints [23]-[26]. The challenges for the 

transmission system operator when assessing DGs are their 

embedded feature to various levels of distribution networks. 

Each DNO has detailed network models and operating 

strategies which make such embedded DGs difficult to visualise 

and predict from transmission levels. To solve the issue in e.g. 

[20], this paper proposes a practical and effective methodology 

to quantify DG’s contribution to the grid supply point.  

Moreover, distribution network status, which is derived from 

e.g. planned and unplanned outages, has a direct impact on 

DG’s output and thus will reduce its ultimate contribution to the 

transmission grid. However, current standards on grid operation 

and network planning (SQSS [19] and P2/7 [20][21]) do not 

consider the distribution system’s conditions in impacting DG 

contribution to transmission level. Existing assumptions of 

uninterruptable distribution circuits with infinite thermal 

capacities cannot reflect the real operating conditions and thus 

derive inaccurate results for transmission-level analysis [27]-

[30]. All these issues will become highly consequential with the 

increasing penetration of DGs in the foreseeable future.   

Based on the limitations from current standards on grid 

operation and network planning in the UK (SQSS [19] and ER 

P2/7 [20][21]), this paper proposes an enhanced method to 

evaluate the DG locational incremental contribution (LIC) to 

the interface with the transmission grid. Improved from the 

original ER P2 model, this approach considers the control of 

DG output imposed by distribution network conditions and 

seeks to quantify the expected curtailments and effective DG 

capacity due to e.g. network contingency conditions such as 

thermal overloading or faults. Compared with existing 

industrial methods, the obtained results provide an overview of 

different scenarios for DG location, as well as for network 

indices such as loading level and DG penetration, enabling an 

easier assessment of DG network planning.  

II. METHODOLOGY  

The work in this paper is demonstrated and compared with 

the original ER P2 model [20] on three simple distribution 

network topologies, providing step-by-step quantitative figures 

to describe the proposed mathematical model development. In 

addition, an extended version of the IEEE 14-bus GSP test 

system is further analysed to prove the adaptability of the 

proposed method to more complex and realistic networks.  

A. DG Effective Capacity 

The influence of DG technologies to transmission network 

primarily depends on the generation profile of such DG units. 

As compared to conventional power plants, DGs exhibit 

different characteristics due to the intermittent power output 

coming from renewable resources such as solar, wind or hydro. 

This effectively makes the power profile from DG extremely 

difficult to predict. Moreover, as DGs are usually non-centrally 

dispatched by utilities, but privately owned, the option to run 

these generations is normally altered by commercial incentives 

and market conditions. Due to these reasons, a comprehensive 

modelling of DG effective capacity is needed to reflect the 

technical, energy and commercial availabilities of each studied 

DG. As depicted by equation (1), the UK standard ER P2 [20] 

introduces a concept of ‘effective capacity’ (EC) to compute the 

effective contribution of different DG technologies under 

intermittent outputs. Following the data model provided in ER 

P2, the ‘effective capacity’ EC of a particular DGN can be 

estimated by multiplying its declared net capacity (DNC) with 

the corresponding scaling factor (SF) of each DG: 

𝐸𝐶𝑁 = 𝐷𝑁𝐶𝑁 ∙ 𝑆𝐹𝑁                             (1) 

Derived from real DG data spreading throughout the UK 

[31], the scaling factors SF which are provided in the standard 

ER P2 (and shown in Table I and II) indicate how much % of 

the ‘declared net capacity’ DNC can be considered as effective 

[21]. At the same time, the calculation approach for the DNC 

must distinguish between non-intermittent and intermittent DG 

type. As per Table I and II [20], for non-intermittent DGs, the 

resulting ‘effective capacities’ depend on the particular DG 

category and on the number of connected DG systems; while 

for intermittent DGs the input figures given by ER P2 [20] are 

subject to DG type and persistence time. The latter factor 

represents the duration in time for which the intermittent DG 

must be continuously available (minimum) to be considered as 

contributory [20]. Compared to non-intermittent, the lower 

effective capacities of wind, hydro and solar generation due to 

intermittent energy availabilities have been reflected in Table I 

and II. If e.g. a simple GSP network is connected with a 4-unit 

(2 MW) landfill gas generation and a wind farm (35 MW) with 

a persistence time of 0.5h, the effective contribution ECN of 

each DGN (according to ER P2) can be calculated as the product 

of the declared net capacity DNCN and the scaling factor SFN: 

𝐸𝐶𝐿𝑎𝑛𝑑𝑓𝑖𝑙𝑙 = 4 × 2 × 75% = 6 𝑀𝑊 

𝐸𝐶𝑊𝑖𝑛𝑑 = 35 × 28% = 9.8 𝑀𝑊 

Hence, for multiple DGs connected in a specific network, the 

effective capacity of each DG can be derived alone.   
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TABLE I.  SCALING FACTORS IN % FOR NON-INTERMITTENT DG [20] 

Technology 

of DG 

Number of DG systems connected 

1 2 3 4 5 6 7 8 9 10+ 

Landfill Gas 63 69 73 75 77 78 79 79 80 80 

CHP ignition 40 48 51 52 53 54 55 55 56 56 

Waste-energy 58 64 69 71 73 74 75 75 76 77 

CCGT 63 69 73 75 77 78 79 79 80 80 

CHP gas 53 61 65 67 69 70 71 71 72 73 

TABLE II.  SCALING FACTORS IN % FOR INTERMITTENT DG [20] 

Technology of 

DG 

Persistence, Tm (hours) 

0.5 2 3 18 24 120 360 >360 

Wind farm 28 25 24 14 11 0 0 0 

Small hydro 37 36 36 34 34 25 13 0 

Solar (summer) 12 11 10 2 0 0 0 0 

Solar (winter) 0 0 0 0 0 0 0 0 

* Note [20] - Solar (summer): values for Tm >18 set to zero as Solar cannot 

contribute to security overnight. Solar (winter) - values set to zero as Solar 

cannot contribute to security if demand peak is after dusk.  

B. Network Effects 

The impact of interconnection networks has not been 

considered yet. Distribution networks in-between a DG system 

and the grid supply point GSP have a high influence on the DG-

contribution to the transmission network, especially for high 

DG penetration via a relatively weak network [27]. Conditions 

like distribution network congestion or fault are likely to 

constrain DG’s output, requiring a curtailment of that output by 

DNOs to relieve network congestion [32]-[35]. Consequently, 

a discounted DG contribution is seen by the transmission grid. 

For the example test case in Fig. 1, the DG system under 

analysis and the load demand have the same connection (i.e. 

network bus) before the GSP. In this case, the DG unit presents 

an effective capacity EC of e.g. 10 MW and the total load is 2 

MW. After supplying the 2 MW local demand, which otherwise 

must be supplied by the GSP, the rest of DG power (8 MW) will 

flow upstream to the transmission grid through the GSP. Thus, 

the DG-incurred benefit seen from the transmission system 

contains two parts, i.e. contribution = 2 MW + 8 MW = 10 MW, 

which is exactly the effective capacity of the DG. 
 

 
Fig. 1. DG influence with no interconnection considered. 

Distribution network losses are neglected for simplification 

purposes. Instead, in the case of Fig. 2, both the load point and 

DG system have a connection to GSP via a paralleled double 

circuit. After meeting local demand, the power that can be 

delivered to the GSP depends on the nominal capacity as well 

as on the pre/post fault circuit condition. In Fig. 2(a), the 

maximum loading (i.e. total capacity) of the double circuit is 

less than 8 MW as before, where a single circuit now has a 

thermal rating of e.g. 2 MW. The original 8 MW dispatch as in 

Fig. 1 would apparently cause congestions. Therefore, the 

generation in this case must be curtailed to 6 MW to comply 

with network constraints. Fig. 2(b) introduces the grid effect of 

contingent events. When a single circuit trips, to avoid thermal 

overload on the parallel circuit, the power from the DG should 

be further constrained to 4 MW (2 MW + 2 MW), which is 6 

MW less than the intrinsic capability of the DG, assuming no 

short-term ratings are available following the system fault. 
  

 
Fig. 2. DG influence with network connection. (a) Normal state.                   

(b) Contingency state. 

Accordingly, to quantify the network effects on DG 

curtailment within a more complex and realistic system, the 

network state enumeration method is proposed through: 

1) Enumerating the mutually exclusive states (s) and 

probabilities P(s) of the distribution system under analysis, 

which considers the different combination of ‘up’ and ‘down’ 

states of every single power component (PC) in the network;  

  𝑃(𝑠) = ∏ 𝑈𝑚𝑚 ∏ (1 − 𝑈𝑛)𝑛                   (2) 

𝑈 =
𝜆

𝜆+1/𝑟
                                   (3) 

where, m and n respectively represent the components with 

‘down’ and ‘up’ states for each system state s; U is the 

component’s unavailability; λ  and r characterise the failure rate 

(FR) and mean time to repair (MTTR) which are expected from 

each network component (e.g. Table VII). 

2) Evaluating DG curtailment for specific network states;  

The approach to manage DG system contribution currently 

followed by UK DNOs lies on a ‘last-on-first-off’ (LOFO) 

criterion [34][35]. In case of a circuit overload, the latest DG 

units connected to the grid should be off-controlled or capped 

in the first instance. However, there are situations when the last-

on DG unit is less effective to clear overload, but more 

expensive to be constrained, thus the ‘last-on-first-off’ criterion 

does not seem economically viable. To increase efficiency, the 
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Grid Supply Point
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8 MW
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2 MW
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method developed in this paper uses a power flow sensitivity 

model. The power transfer distribution factor (PTDF), i.e. 

Pl/PDG in (4), is a sensitivity matrix that specifies the input 

from each nodal power injection to a circuit. In the case of 

overloading events in distribution networks, the PTDF 

quantifies each DG’s effectiveness to contribute to an 

overloaded circuit, as it computes the DG’s contribution to the 

different nodal power congestions. According to the PTDF, the 

most effective DG with the highest influence on the circuit 

overload is thus chosen for curtailment, which is calculated by: 

𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡 =
𝑃𝑙−𝐶𝑙

𝜕𝑃𝑙/𝜕𝑃𝐷𝐺
                     (4) 

where, Pl is the power flow on the overloaded circuit before 

curtailment; Cl is the power capacity limit of the circuit; and 

Pl/PDG is the PTDF of the overloaded circuit with respect to 

the selected DG. Under network state s, the cumulative 

generation curtailment is given by (5) to alleviate the 

overloading on every circuit l. 

𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡𝑁,𝑠 = ∑ 𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡𝑁,𝑠
𝑙

𝑙        (5) 

3) Calculating network effects; 

Finally, the estimated network effects on a particular  DGN, 

under network state s, are calculated by adding up the 

generation curtailment and their corresponding availability 

probabilities P(s) on the selected DGs: 

 𝑁𝐸𝑁 = ∑ (𝑃(𝑠) ∙ 𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡𝑁,𝑠)𝑠          (6) 

C. Locational Incremental Contribution 

Based on the previously calculated variables, The LIC to a 

transmission grid supply point is calculated in this paper by 

considering both the effective capacity ECN and the network 

effects NEN on the power output of the DGN under analysis: 

𝐿𝐼𝐶𝑁 = 𝐸𝐶𝑁 − 𝑁𝐸𝑁                            (7) 

The difference in equation (7), i.e. the LICN, represents the 

incremental impact on the GSP interface from a particular DG 

unit (measured in MW) for the correct planning and assessment, 

other than the model from standard ER P2 [20], of network 

security, reliability and DG penetration. 

Mathematically, the aggregated thermal violation in the 

network incurring on DG output curtailment can be calculated 

by the following approach: 

1) Sensitivity of Component Power Flow to DG Injection;  

Since the DG integration might change the condition of the 

network power allocation and flow direction, the power flow 

and utilisation level of each component directly depends on the 

current network DG connection. Specifically, the effect of DG 

injection PDG,n (i.e. effective capacity ECN) on the active power 

flow along a circuit l between nodes i and j can be obtained by: 

 
                                                                                                (8) 

 

Where, Pij is the active power flow between points i and j; Vi, 

Vj, Өi and Өj are respectively the voltage magnitudes and bus 

angles of nodes i, j. Fig. 3 shows the algorithm framework and 

modelling of the computational process proposed in this paper. 
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Fig. 3. Mathematical model of DG contribution to transmission system. 

III. DEMONSTRATION OF THE LIC APPROACH 

 
Fig. 4. Single circuit, double circuit, and meshed test systems. 

A. Single Circuit Network 

The proposed method is firstly tested on a basic network, as 

presented in Fig. 4(a). In this case, the circuit L connecting the 

grid supply point GSP and the DG units has a power rating of 

e.g. 100 MW and an unavailability of 0.01. The aggregated DG 

units are composed of e.g. 10-unit landfill gas and a total 

declared net capacity DNC of 100 MW. Based on Table I [20] 

and the states enumeration calculated by equation (2) in Table 

III, the LIC calculation is described below, where the modelling 

of the network effects NE on the examined DG involves 

enumerating all mutually exclusive states of the network: 

EC = 100*80% = 80 MW               eq. (1) 

NE = 0*99% + 80*1% = 0.8 MW          eq. (6) 

LIC = EC – NE = 80 – 0.8 = 79.2 MW          eq. (7) 
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TABLE III.  STATE ENUMERATION FOR SINGLE-CIRCUIT NETWORK 

 

B.  Double-length Circuit Network  

Fig. 4(b) assumes both circuits L1 and L2 with 100 MW 

rating, while the connection of DG systems at bus 2 still comes 

from landfill gas. From Table IV and eq. (2), LIC is calculated:  

NE = 80*1.98% + 80*0.01% = 1.6MW          eq. (6) 

LIC = 80 – 1.6 = 78.4 MW               eq. (7) 

In this case, the DG located at bus 2 is supported by a double-

length circuit and thus uses the network more extensively as 

compared with the single-circuit network. Therefore, when the 

DG unit is connected through an extended network at a farther 

distance to the grid supply point GSP, the probability of power 

transfer disruptions is higher. This will result in a higher value 

for the network effects NE, and hence its locational contribution 

will decrease.  

TABLE IV.  STATE ENUMERATION FOR DOUBLE-CIRCUIT NETWORK 

 

C. Meshed Network 

The proposed LIC evaluation approach can be extended to 

reflect the security level of the connecting network between an 

examined DG and its supplying node. By comparison with the 

single-circuit network, in the meshed network depicted in Fig. 

4(c) the DG-connected bus is supported by two paths, so if any 

of the three circuits fails, the DG output could still be 

transferred through the remaining circuits; hence withstanding 

N-1 contingencies in the connecting network. In Fig. 4(c) the 

meshed network contains the circuits L1, L2, L3, each rated at 

100MW. Busbar 2 supports the connection of the same type of 

DG. From Table V and eq. (2), the calculated LIC is as follows: 

NE = 80*0,0099% + 80*0.0099% + 80*0.0001% = 0.02MW 

LIC = 80 – 0.02 = 79.98 MW 

TABLE V.  STATE ENUMERATION FOR MESHED NETWORK 

 

D. Comparison of Results 

The DG-contribution results for the three basic networks 

have been summarised and cross-related with the standard ER 

P2 model [20] in Table VI. Accordingly, as proven by the 

power mismatch (MW) between the two methods, the proposed 

model in this paper enables to evaluate (more accurately than 

the ER P2 standard) the effect of different grid configurations 

on the contribution of DG systems to a network’s grid supply 

point. A higher level of connecting network security (c) dictates 

that the expected magnitude of network effects on the integrated 

DG becomes considerably minimal, and thus will facilitate a 

higher contribution level from DG to transmission-level. 

TABLE VI.  DG CONTRIBUTION & COMPARISON WITH ER P2 MODEL [20] 

 

IV. LIC APPROACH TO ASSESS DG CONTRIBUTION FROM 

DISTRIBUTION NETWORKS 

The DG contribution approach is further demonstrated and 

cross-related with the standard ER P2 on a 14-bus distribution 

network, as shown in Fig. 5 [36]. In this study, the grid supply 

point GSP to the transmission grid which supplies a voltage of 

400/132 kV is assigned to busbar 1. The rest of busbars in the 

system provide a rating of 132 kV (i.e. buses 1-5) and 33 kV 

(i.e. buses 6-14). Accordingly, branch specifications of the test 

system and the adopted values of components’ MTTR and 

failure rates are provided in Tables VII and VIII respectively 

[37]. In this part, the network maximum demand (259 MW) will 

be used to compute DG contribution to GSP, where most of the 

network demand is jointly connected at 132 kV (buses 2 and 3). 

 
Fig. 5. 14-bus GSP test system [36]. 

TABLE VII.  POWER COMPONENT’S MTTR AND FAILURE RATES [37] 

 

Number Network state DG curtailment Probability 

1 L Up 0 MW 99% 

2 L Down 80 MW 1% 

 

Number Network state DG curtailment Probability 

1 L1, L2 Up 0 MW 98.01% 

2, 3 N-1  80 MW 1.98% 

4 N-2  80 MW 0.01% 

 

Number Network state DG curtailment Probability 

1 L1 out of service 0 MW 0.9801% 

2 L2 oos 0 MW 0.9801% 

3 L3 oos 0 MW 0.9801% 

4 L1, L2 oos 80 MW 0.0099% 

5 L1, L3 oos 80 MW 0.0099% 

6 L2, L3 oos 0 MW 0.0099% 

7 L1, L2, L3 oos 80 MW 0.0001% 

 

 
By original P2/6 

(MW) 

By proposed 

approach (MW) 

Mismatch 

(MW) 

Case A 80 79.2 0.8 

Case B 80 78.4 1.6 

Case C 80 79.98 0.02 

 

Network 

Component 

Voltage 

Level     

(kV) 

           FR-λ                     

(failures/km-year or  

failures/PC-year) 

MTTR 

(hrs) 

Overhead 

Lines 

132 0.0038 19.1 

33 0.034 20.5 

Cables 
132 0.0277 222.7 

33 0.034 338.4 

Transformers 132/33 0.0392 250.1 
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TABLE VIII.  BRANCH SPECIFICATIONS FOR THE GSP TEST SYSTEM [37] 

 

A. DG Locational Incremental Contribution to GSP 

The base case considers 5 DG units of the landfill gas type, 

with connection at buses 10, 11, 12, 13 and 14 respectively, 

each having an effective capacity EC of 32 MW. For 

investigating the DG locational contribution at different nodes, 

an additional single landfill gas generator (here refers as 

examined DG) is connected at each dedicated node in the test 

system at 132 kV (e.g. buses 1, 3, 6, 8) and 33 kV (buses 10, 

11, 12, 13, 14) with a declared net capacity DNC of 50 MW and 

an EC of 40 MW (with a scaling factor SF = 0.8).  

The derived network effects NE and 'locational incremental 

contribution’ LIC values for the examined DG after connection 

to different nodes are shown in Fig. 6. According to the ER P2 

model [20], the DG effective capacity EC for each bus (40 MW) 

remains the same for all nodes. Moreover, the nodal location of 

DG has an important effect on the overall contribution to the 

grid supply point. For DGs electrically close to the GSP (e.g. 

buses 1, 3 or 6 at higher voltage level) the impact from network 

effects are negligible, as shown by the minimal NE values 

resulting at those buses. In that case, the locational influence 

from DG results in similar EC values as those given by ER P2. 

 
Fig. 6. DG locational contribution and decomposition at different buses. 

However, as shown in Fig. 6, when the aggregated DG unit 

is connected at the remote end (e.g. buses from 8 to 14 at lower 

voltage level), the network effect is important. In the case of 

e.g. buses 10 and 11, the distribution system impact discounts 

more than half of the DG effective capacity estimated by the 

original ER P2. The results show the proposed LIC method can 

distinguish and evaluate the distribution system impact and 

location on DG contributions to a transmission GSP, as 

compared with the limitations in the original ER P2 model [20]. 

 
(a) DG connected to generation-dominated area 

 
(b) DG connected to demand-dominated area 

Fig. 7. DG penetration impact on MW locational contribution. 

B. Network Effect of DG Penetration Level on LIC 

Another advantage of the proposed LIC method is the ability 

to reflect the nodal DG contribution considering the overall DG 

penetration in the network. Based on the system’s peak demand 

(259 MW), the DG penetration level in the base case is set at:  

𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (%) =
32𝑀𝑊 × 5

259𝑀𝑊
= 62% 

Therefore, to test various DG penetration levels, the 

capacities of the 5 existing DGs connected at buses 10-14 in the 

network are increased and decreased accordingly. The 

examined DG for LIC calculation at each dedicated node is 

equal to the one used in the previous case (DNC = 50 MW and 

EC = 40 MW). Fig. 7 shows the comparison between the 

method in this paper and the standard ER P2 for the evaluation 

of diverse DG penetration scenarios in two of the examined 

buses (e.g. 11 and 13). Thus, it is noticed that the original ER 

Branch 

No. 

From bus –        

To bus 

Thermal Rating 

(MWA) 

Length 

(km) 

1 1-2 260 28.47 

2 1-5 260 93.8 

3 2-3 125.7 82 

4 2-4 83.3 67 

5 2-5 97.1 65 

6 3-4 98 71 

7 4-5 151.4 18 

8 4-7 45 - 

9 4-9 60 - 

10 5-6 90 - 

11 6-11 25 7 

12 6-12 22 9.5 

13 6-13 28 4.2 

14 7-8 20.5 5.67 

15 7-9 33.5 - 

16 9-10 32.6 2.7 

17 9-14 34.3 7.64 

18 10-11 23 5.6 

19 12-13 14 6.2 

20 13-14 18 10.5 
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P2/6 cannot reflect the sensitivity of nodal LIC change with 

respect to the penetration of embedded generation, as it 

overestimates and remains constant for all cases. On the 

contrary, the proposed LIC method provides a more realistic 

estimation of DG penetration, as it can accurately differentiate 

among scenarios with lower DG levels, i.e. resulting in higher 

locational contributions, while high penetration situations lead 

to a significantly lower impact.  

C. Impact of Generation-dominated and Demand-dominated 

Areas on LIC 

The proposed model is also characterised by its ability to 

discriminate DGs connected to generation-dominated areas 

from those connected to demand-dominated areas. As most of 

the network’s demand in the 14-bus system is concentrated at 

buses 2 and 3, while the network-integrated landfill gas 

generations are linked to the lower-voltage buses 10 to 14, the 

upper and lower half of the network in Fig. 5 could be regarded 

as generation- and demand-dominated respectively. 

As per Fig. 7(a), when the ‘examined DG’ is connected in the 

generation-dominated area (upper half), the resulting DG 

locational contribution of the examined unit (e.g. at buses 11 

and 13) is rather sensitive to the effect of DG penetration. On 

the contrary, higher DG penetration levels seem to have a 

partial or limited effect on the locational contribution to the 

demand-dominated area (lower half), as shown in Fig. 7(b).  

 
(a) Non-intermittent DG by ER P2/6 model 

 
(b) Non-intermittent DG by proposed LIC method 

Fig. 8. Impact of non-intermittent DG concentration on LIC to GSP. 

In the demand-dominated situation, the DG generation can 

be locally consumed by adjacent demand, thus any network 

contingency or circuit overloading might have a limited impact. 

In a generation-dominated area, the locational DG output must 

travel through significant number of networks to reach load 

centres or the GSP. Thus, any contingency or circuit outage on 

the relevant network might directly affect the DG output. 

D. Effect of DG Locational Density on LIC 

In reality, opposite to the assumptions in the previous 

analysis (i.e. 5 existing DGs connected in the generation-

dominated area at buses 10-14), the aggregated DG units could 

also be spread into wider areas of the network, or concentrated 

into small density areas due to flexible connection agreements.  

Accordingly, in the following analysis three different DG 

locational density scenarios are studied: low-concentration, 

base case, and high-concentration. To introduce a lower-than-

the-base-case DG density in the test network (i.e. more widely 

spread) the existing 5 DGs are connected to buses 2, 4, 6, 9 and 

13, which covers a wider area of the analysed system. While for 

the high-DG density scenario, the DGs are concentrated in a 

relatively small area connected at busbars 12 and 13 only.  

The same type of DG, a 50 MW landfill gas in the category 

of non-intermittent generation, is used to calculate the DG LIC 

at distinctive network locations (buses 3, 6, 12) under different 

DG density scenarios in the system, as shown in Fig. 8. 

 
(a) Intermittent DG by ER P2/6 model 

 
(b) Intermittent DG by proposed LIC method 

Fig. 9. Impact of intermittent DG concentration on LIC to the GSP. 
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It can be observed that besides the incapability to provide 

locational results, the standard ER P2 [20] cannot distinguish 

between different network DG concentration conditions. In this 

case, i.e. Fig. 8(a), it would provide an identical contribution 

value (40 MW) under all three circumstances for the examined 

locational landfill gas. On the contrary, for these three buses in 

Fig. 8(b), the network containing more concentrated DGs 

clearly reduces the locational contribution from DG to the 

transmission grid. Moreover, it is noticeable that the impact of 

DG density is more significant for DG units locally connected 

to a generation-dominated area, as it is the case for bus 12 in 

Fig. 8(b). Specifically, in a high DG density scenario, e.g. bus 

12 that falls into a generation-dominated area, its locational 

contribution LIC is less than 10%, as compared to the low DG 

density case (~100% LIC) or even the base case (~40% LIC). 

On the other hand, the influence of DG density on the 

network intermittent generation has been assessed in Fig. 9, 

providing a similar pattern in the results; a larger impact from 

DG density to generation-dominated areas (e.g. bus 12). In this 

case, the locational DG under analysis represents a wind farm 

with the same declared net capacity DNC of 50 MW and a 

persistence time Tm of 0.5h. The main difference lies in a much 

smaller effective capacity, i.e. 14 MW, as calculated by eq. (1) 

and the scaling factor (28%) provided in Table II.  

As compared with the standard ER P2 model [20], the 

proposed enhanced method can evaluate different DG 

concentration conditions at each network bus, as well as it can 

reflect the corresponding variances in results. This method 

demonstrates that for DGs with the same DNC, the locational 

contribution LIC of intermittent generation develops a less 

sensitive variation than for non-intermittent DGs (as shown in 

Fig. 8). This effect is due to the current density of DG in the 

system, corresponding to a lower value of effective capacities. 

E. Influence of Network Loading Level 

In all previous cases, the total system demand is fixed at 

259MW. However, in real time operation the network loading 

varies significantly due to weather and seasonal effects. To 

account for these changes, and from the perspective of long-

term power system planning (no real-time operation), in this 

section the loading level at each network node is both scaled up 

(by 20%) and down (by 20%) to quantify the overall effect of 

network demand levels on the DG locational contribution to the 

adequacy and security of the transmission GSP. Fig. 10 shows 

the simulation results representing the utilisation level of each 

network branch under the base case loading level (a), from 

which the cases (b) high loading level (+20%) and (c) low 

system loading level (-20%) are calculated. The increased 

values of local demand seem to have a direct correlation with 

higher values of circuit utilisation. Based on the traditional 

downward direction of power flows through the circuits of 

distribution networks, this greater utilisation is considered 

beneficial for the power output exports of locational DGs. 

Table IX summarises the resulting values of DG locational 

contribution to each node under the three loading levels, i.e. low 

loading level indicates the system demand is scaled down by 

20%, while high loading level means a scale up by 20%.  

 
(a) Base case loading level 

 
(b) 20% scaled-up loading level 

 

(c) 20% scaled-down loading level 

Fig. 10. Branch utilisation under varying loading (14-bus GSP test system). 

It is seen from results in Table IX that higher loading levels 

(high LL) are generally linked to a higher DG contribution 

(LIC) in the network, especially in generation-dominated areas 

such as buses 10-14. This effect can be explained by the fact 

that larger DG outputs are locally consumed in scenarios with 

high locational demand, which avoids the reverse supply via the 

distribution network to the transmission GSP and thus resolves 

system contingencies. As an exception, for locational DG at bus 

11, larger demand levels are otherwise linked to a lower DG 

contribution (LIC) as compared with the ‘low’ and ‘base’ 

loading level cases. This effect may be due to the power transfer 

distribution factor (PTDF) sensitivity on that specific bus. 

Analogous deductions can be obtained from Table IX for the 

cross-relation of location and DG penetration. For a 46% 

penetration (e.g.), in demand-dominated areas (nodes 1-9) high 

loading level will generally result in lower LIC values, while in 

generation-dominated areas (nodes 10-14) high loading level 
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will result in higher LIC. Meanwhile, in a 77% penetration 

(e.g.) scenario, for nearly all nodes a high loading level will 

result in a higher LIC. Regarding the location of DG units, the 

result again proves the proposed model can differentiate 

between demand- and generation-dominated DG cases. Even 

though the DG contribution in demand-dominated areas (nodes 

1-9) is also sensitive to network loading levels and DG 

penetration, this impact is limited, as shown in the upper section 

of Table IX (buses 1-9): in the case of the 50 MW locational 

landfill gas, the resulting DG outputs are close to 40 MW (its 

inherent effective capacity) for all network conditions, which 

represents the single case where the proposed LIC approach 

provides similar results to the non-flexible model of the 

standard ER P2. Conversely, the DG influence on generation-

dominated areas becomes significant and can be accurately 

assessed by the proposed LIC model in Table IX, as opposed to 

the fixed results (i.e. 40 MW) that would be proposed by the ER 

P2 guideline for all range of network conditions.  

TABLE IX.  LIC VARIANCE (MW) WITH DIVERSE LOADING LEVELS (LL) 

 

V. CONCLUSIONS AND FURTHER WORK 

DG penetration in distribution networks will become 

sufficiently high in the near future. Accordingly, such dispersed 

resources will have the capability to feed power back to the 

transmission systems and thus contribute to the adequacy and 

security at the GSP level. From the perspective of power system 

planning, what is of interest and importance is a reliable 

quantification of such contributions.  

This paper proposes an efficient method to analyse and 

quantify the DG’s locational incremental contribution (LIC) to 

the grid supply point (GSP) of the transmission grid. Taking the 

standard ER P2 guidance as reference [20]-[21], the proposed 

method makes further improvement by considering both DG 

effective capacity and distribution system effect when assessing 

DG contributions. The model respects and differentiates 

between different conditions of DG penetration, concentration, 

location, and system loading level. The presented analysis leads 

to the following conclusions: 

1) The enhanced method quantifies the effects of distribution 

system configuration on DG’s contribution to transmission 

levels. For DGs connected within long electrical distance from 

the GSP via a relatively isolated and unreliable network, the 

proposed LIC method (as opposed to standard ER P2) proves 

that such circuit should be linked to a reduction of DG 

contribution to the GSP. Instead, only for DGs supported by an 

interconnected and reliable network, the contribution results 

produced by the proposed LIC method are closer to the ’fixed’ 

DG’s effective capacity given by the ER P2 guidance. 
 

2) The proposed model reveals the amount of network DG 

penetration through the impact of DG’s LIC to the GSP.  An 

increased DG penetration in the overall system will reduce the 

single DG’s LIC to the GSP. A higher system demand also 

reduces the influence of DG’s LIC to the transmission grid, 

which is the result of the local energy consumption.  
 

3) The proposed method is also able to accurately evaluate the 

DG’s LIC in between generation and demand areas. Compared 

with demand-dominated areas, the contribution of DGs 

connected to generation-dominated areas is larger, as well as 

highly variable with respect to the DG penetration and the 

system loading level. 
 

4) There exists a considerable effect from the degree of DG 

penetration on both intermittent and non-intermittent DGs, 

although non-intermittent units respond more easily, as 

demonstrated in Fig. 7. For cases with large DG concentration 

(i.e. generation-dominated areas), the study could result in 

values considerably different, e.g. 80% lower in Fig. 7(a), from 

those suggested by standard ER P2. Accordingly, DGs 

connected to demand-dominated areas present a lower 

dependence on this factor, as shown in Fig. 7(b). 
 

Based on the contribution from the proposed method to the 

comprehensive analysis of different DG penetration, 

concentration, location, and system loading level, further work 

by the authors [38][39] will integrate the proposed DG’s LIC 

approach with Model Order Reduction, State Enumeration and 

Monte Carlo simulation techniques for an accurate reliability 

assessment of complex power distribution systems and the 

impacts associated with the integration of different low-carbon 

technologies and microgrids. 
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