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ABSTRACT 
The transition to a low carbon economy will see a 
substantial rise of distributed generations (DGs) in our 
energy mix, which will fundamentally change the demand 
patterns seen from the national grid system. However, 
there are currently no reliable tools to accurately assess 
such DG contribution to the transmission level, and more 
critically to grid supply points (GSPs). 
 
In this paper, an approach to tracing individual DG 
security contribution to GSP particularly is proposed. A 
case study on a practical GSP network in the UK is 
presented to demonstrate the application of this proposed 
model. The results and sensitivity analyses show that by 
taking into account the characteristics of each examined 
distribution network, the DG contribution result derived 
is capable of distinguishing different conditions of DG 
penetration, location, and network utilization. More 
essentially, with the help of this proposed approach a 
more reasonable and increased visibility of DG could be 
expected for future system planning. 

INTRODUCTION 
Countries around the world have set targets for renewable 
energy and emission of greenhouse gases. For example, 
the UK and EU introduced legally binding targets to 
reduce greenhouse gas emissions by at least 80% below 
the 1990 baseline in 2050 [1]. This transition to a low 
carbon economy will see a substantial rise of renewables 
in the generation mix. According to the UK government, 
by 2020 the UK is to achieve 15% of its energy 
consumption from renewable sources, and a great portion 
of such newer sources will be connected at various 
distribution levels particularly, ranging from low-, high- 
and extra high-voltage levels [2].  
 
One of the key benefits brought about by the integration 
of distributed generation (DG) is its ability to enhance 
network reliability [3-8]. The increasing penetration of 
this small-scaled generation into existing distribution 
networks will fundamentally change the demand patterns 
seen at grid supply points (GSPs) which interconnect the 
national transmission system with each regional 
distribution network. As a result, the conventional 
responsibility for GSP to provide supply adequacy and 
security under network normal and contingent conditions 
respectively can now be shared by DGs embedded inside 
the network, and thus contributing to an improved GSP 
reliability. 

 
One of the approaches representing the state-of-the-art in 
DG security contribution assessment is the engineering 
recommendation P2/6 (ER P2/6) [9][10]. ER has been the 
guide to UK distribution network planning for decades, 
and the latest version, ER P2/6, has been adopted across 
all distribution network operators (DNOs) since 2006. 
Nevertheless, when it comes to assessing DG security 
contribution to the GSP specifically, it has apparent 
weaknesses. Concentrating on the distributed generation 
side, the original P2/6 failed to reflect and discriminate 
between different characteristics and conditions of the 
examined distribution network. Network states like 
thermal constraints could directly affect the expected 
output of each embedded generation, which consequently 
leads to a discounted security contribution seen by the 
transmission side. All of these will become even more 
significant especially as the DG penetration reaches 
threshold levels in the foreseeable future.  
 
For the first time, an approach to assessing and tracing 
DG security contribution to GSP specifically has been 
proposed in this paper, providing system planners with an 
increased visibility of DGs embedded inside distribution 
networks. By integrating active generation management, 
the approach also incorporates the impact of network 
congestions into the established assessment process. 
Therefore the results derived can be expected to 
distinguish between various situations of DG penetration, 
DG location and network utilization, which existing 
industrial tools fail to achieve at this stage. 

MATHEMATICAL FORMULAATION OF DG 
SECURITY CONTRIBUTING CAPABILITY 
In this section, for each individual DG plant as depicted 
in Fig. 1, its inherent capability of making security 
contribution is firstly determined.  
 
As a network-designing standard in the UK, engineering 
recommendation has been playing a vital role in 
distribution network planning for decades. The latest 
version, ER P2/6, specifies the required security level for 
different classes of distribution network, which all DNOs 
must comply. More importantly, it also provides 
guidance on security contribution values that could be 
provided by different DG types across the UK 
specifically. The required data and DG information 
underpinning the developed guidance was collected from 
DNOs, generation operators and trade associations within 
the UK [11]. 
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Figure 1. P2/6 demonstration on a simple GSP network 

As shown in Table I and II, the scaling factors provided 
indicate how much, in terms of percentage, of the 
declared net capacity (DNC) of an examined DG could 
be regarded as contributory to network security [10]. For 
non-intermittent generations, the resulted effective 
capacities are depending on the specific type of DG 
technology and number of units of the DG site; while for 
intermittent DGs, the contribution values given by P2/6 
are subject to DG type and persistence time (the 
minimum time for which the examined intermittent DG 
must be continuously available if it can be regarded 
contributory [9]). Noticeably, comparing with non-
intermittent DGs, the lower effective capacities of 
intermittent generations due to lower energy availabilities 
have been inherently respected and reflected in the tables.   

 
TABLE I 

Scaling factors in % for non-intermittent DGs  

Technology 
of DG 

Number of units 

1 2 3 4 5 6 7 8 9 10+ 
Landfill 

Gas 63 69 73 75 77 78 79 79 80 80 

CHP (spark 
ignition 
engine) 

40 48 51 52 53 54 55 55 56 56 

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

CCGT 63 69 73 75 77 78 79 79 80 80 
CHP (gas 
turbine) 53 61 65 67 69 70 71 71 72 73 

 
TABLE II 

Scaling factors in % for intermittent DGs 

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 

 
Accordingly, the security contribution capability (SCC) 
of DG i is calculated by multiplying its DNC with the 
scaling factor (SF) for the specific DG technology: 

SCCi = DNCi ⋅ SFi  .                          (1) 

Therefore, if the simple GSP network depicted in Fig. 1 is 
considered, where a 4-unit landfill gas and a wind farm 
with a persistence time of 0.5h are connected, the 

capability of each to make contribution to network 
security could be determined: 

 SCCLandfill = 4× 2×75% = 6  MW 

 SCCWind = 35× 28% = 9.8  MW. 

ASSESSMENT AND TRACING OF DG 
SECURITY CONTRIBUTION TO GSP USING 
DOWNSTREAM-LOOKING ALGORITHM 
This section determines how the peak-moment exporting 
power flow at a GSP could be allocated to each DG 
embedded in the distribution network individually. 

Quantification of DG curtailment 
In the situation of high DG penetration, there will be an 
even higher chance for the corresponding distribution 
network to suffer thermal constraints. Currently, the DG 
output management strategy adopted by DNOs in the UK 
follows a ‘Last-on-first-off (LOFO)’ criterion, according 
to which should a circuit overload happen, the most 
recently integrated DG needs to be constrained first. 
However, sometimes the last-on generation might 
account little for the overloading power flow, 
contributing little to mitigating circuit congestion. 
Consequently, LOFO appears to be uneconomical for 
such situations.  
 
A more efficient strategy based on power flow sensitivity 
is developed and embedded in the proposed model. 
Power transfer distribution factor (PTDF) is a sensitivity 
matrix, which relates circuit active power flows to 
network nodal power injections. In the case of 
distribution network congestions, which are attributable 
to DG injections, firstly the most overloaded circuit is 
identified. Then referring to the PTDF of the examined 
network, among all DGs embedded in the network, the 
most sensitive one that has the greatest impact on the 
power flow along that circuit is selected to be curtailed. 
The amount of curtailment is calculated by: 

Curt =
Pl −Cl

∂Pl ∂PDG
  .                          (2) 

Where, Pl is the power flow through the selected 
overloaded circuit before curtailment; Cl is the capacity 
limit of the circuit; and ∂Pl/∂PDG is PTDF of the 
overloaded circuit with respect to the most sensitive DG. 
Therefore, taking into account potential network 
congestions, the security contribution (SC) made by DG i 
for a given network state can be determined by 
combining (1) and (2): 

SCi = SCCi − Curti∑ .                        (3) 

Where ΣCurti is the sum of curtailments that have been 
imposed on DG i specifically in order to mitigate all 
circuit congestions. 

4	  x	  2	  MW	  
Landfill	  Gas

Grid	  Supply	  Point

Demand	  Group
35	  MW	  (Tm=0.5)
Wind	  Generation
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Tracing of security contribution 
With locational DG contribution and network nodal 
demand information determined for the examined system 
state, network power flow can be derived, based on the 
result of which GSP exporting flow could be traced using 
the downstream-looking algorithm [12].  
 
The nodal through flow for bus i is obtained by 
aggregating its outflows:  

Pi = Pi− j
j∈αi

∑ + Loadi =
Pi− j
Pj
Pj + Loadi

j∈αi

∑  .     (4) 

Where αi is the set of buses that are receiving power from 
i and Loadi is the demand located at i. Rearrange (3), we 
have: 

Pi −
Pi− j
Pj
Pj = Loadi

j∈αi

∑  ,                   (5) 

which can be represented in the form of matrices: 
DP = Load  ,                           (6) 

where D is the (n × n) downstream distribution matrix, P 
is the vector nodal through flows, and Load is the vector 
of nodal demands. The (i,j) element of matrix D is: 

D!" #$i , j =

1                 if  i = j
− Pi− j Pj     if  j ∈αi
0                otherwise

'

(
)

*
)

  .            (7) 

Rearrange (5), we have: 

        P =D−1Load  ,                         (8) 
the ith element of which is: 

Pi = D−1"
#

$
%i , j
Load j

j=1

n

∑  .                   (9) 

Equation (8) shows how the nodal through power at bus i 
is distributed between all nodal demands across the whole 
distribution system. Hence, for a DG connected at bus i, 
its aggregate security contribution is: 

SCi =
SCi
Pi
Pi =

SCi
Pi

D−1"
#

$
%i , j
Load j

j=1

n

∑ .       (10) 

If the exporting flow from the GSP to the transmission 
level is considered as the nodal demand at bus GSP, then 
the security contribution by the examined DG at i to GSP 
at the examined moment could be derived: 

SCi→GSP =
SCi
Pi

D−1#
$

%
&i ,GSP

EFGSP .           (11) 

Where EFGSP is the exporting power at the GSP, flowing 
from the distribution side to the transmission side. 
 
The flowchart depicted in Fig. 2 shows the framework of 
the proposed model. 

PRACTICAL NETWORK DEMONSTRATION 
In this section, the proposed DG contribution-tracing 
model is demonstrated on a practical GSP area taken 
from the UK distribution network, as shown in Fig. 3 
[13]. This test network has two voltage levels: 132 kV 
and 33 kV, where the GSP point couples the 132 kV 
distribution side and the 400 kV national grid side. 
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Figure 2. Framework of proposed approach 
 

 
Figure 3. GSP test network 
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In this system there are a few existing intermittent 
generations connected, including wind farms and a hydro 
power as depicted in the figure. Thanks to the relatively 
high penetration of DG compared with its peak demand, 
the selected GSP network is capable of exporting power 
upwards to its transmission side. 

DG contribution to GSP variance with different 
capacities 
Firstly, the security contribution by an additional landfill 
gas DG to the GSP is investigated, and the impact of its 
capacity on the final result has been demonstrated. The 
examined landfill gas generation, whose SF is 80% 
referring to Table I, has been located at bus 5017 as 
shown in the diagram. Fig. 4 depicts the proportion of 
contribution to the GSP specifically. It clearly shows that 
when the integrated generation is larger than 12 MW, the 
contribution to GSP stops increasing and saturates, which 
means that higher generation output than this level will 
lead to network congestion so such additional 
contributions need to be curtailed. It should be noted that 
in the original P2/6 such influence of network thermal 
constraint has not been inherently taken into account. 

 
Figure 4. Contribution with different generation sizes 

DG contribution to GSP variance with different 
locations 
One of the merits of the proposed model is that it is able 
to differentiate between DGs connected at different 
locations. In this subsection, the same landfill gas DG has 
been placed at 4 different nodes in the test system, and 
respective contribution to GSP has been shown in Fig. 5. 
It is obvious that higher capacities of the integrated 
generation generally lead to higher GSP contributions for 
all locations examined.  
 
Bus 5017 and 5005 are located in a generation-dominated 
area, while bus 5021 and 5023 are in a demand-
dominated area in the test network. As shown in the 
result, for generation-dominated area DGs, the security 
contribution to GSP is rather decent even in the case of 
small injection sizes; whereas for demand-dominated 
ones, when the injection size is small, there is barely any 
contribution to GSP. This could be explained as demand-

dominated generations have the priority to supply its 
adjacent loads, thus having little left for the far away 
GSP. 

 
Figure 5. Contribution with different generation locations 

DG contribution to GSP with different network 
loading levels 
The utilization level of the examined network has a direct 
impact on the DG contribution received by the GSP. 
Table III shows the results under various network 
utilization circumstances, where the difference between 
generation- and demand-dominated generations could be 
identified. For the DG located at bus 5017, which is again 
in the generation-dominated area, the resulted GSP 
contribution decreases monotonically with increasing 
network loading level. By contrast, it appears that for the 
demand-dominated generation examined, the highest 
GSP contribution is when network loading level is around 
90% of the base case. Fig. 6 visually depicts such features 
distinguished by the proposed approach.   

 
TABLE III 

DG contribution to GSP at different network utilizations  

Network loading 
level 

Bus 5017 
(MW) 

Bus 5021 
(MW) 

50% 7.33 2.65 

60% 7.19 4.95 

70% 6.99 5.94 

80% 6.67 6.46 

90% 6.07 6.61 

100% 5.43 5.60 

110% 4.54 4.57 

120% 3.69 3.61 

130% 2.90 2.75 

140% 2.18 1.99 

150% 1.51 1.34 

DG contribution to GSP with different 
penetrations 
Finally, a series of different penetration scenarios have 
been investigated for three DG technology mix cases. For 
the same examined landfill gas at bus 5017 as previously, 
the technology supporting existing DGs in the network 
have been assigned as all landfill gas, all wind, and a mix 
of landfill gas and wind. As could be seen from the 
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results in Table IV, DG penetration of the examined 
network tends to have a positive effect on the derived 
contribution to GSP, since higher penetration means more 
local demands could be supported by adjacent resources 
and more remaining DG outputs could be sent to the 
GSP. However, there is an apparent difference between 
the results of non-intermittent and landfill gas and the 
intermittent wind power. As shown in the last column of 
the table, due to the low security contributing capability 
of wind power, even for high penetration scenarios, there 
is still zero contribution to the GSP.  

 
Figure 6. Contribution with different utilizations 

 
TABLE IV 

DG contribution to GSP at different penetrations 

DG 
penetration 

Landfill gas 
(MW) 

Landfill gas 
& Wind 
(MW) 

Wind 
(MW) 

40% 0 0 0 

60% 0 0 0 

80% 0 0 0 

100% 1.03 0 0 

120% 2.21 0 0 

140% 3.26 0.59 0 

160% 4.1 1.29 0 

CONCLUSIONS 
The transition to a low carbon economy will see a 
substantial number of DGs penetrating into existing 
distribution networks. From the perspective of future 
network planning, what is of interest and importance is if 
the security contribution from these dispersed sources to 
GSP can be recognized and accurately quantified. 
However, currently there are no reliable tools to 
accurately determine this, particularly considering the 
effects of DG penetration, location and concentration 
across all three distribution voltages. 
 
For the first time, an approach to evaluating and tracing 
individual DG security contribution to the grid supply 
point has been presented, and extensive demonstrations 
of the novel model on a practical UK GSP network have 
been performed in this paper. Taking into consideration 

the original P2/6-neglected factors like network thermal 
constraints, it has been shown that the derived tracing 
result respects and reflects conditions of the examined 
distribution network, including DG penetration, location 
and network utilization. Critically, result of this study can 
be expected to help increase the visibility of DG for both 
distribution networks and the national transmission grid, 
and thus contributing to the future planning and operation 
of electrical systems. 
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