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Abstract 
This research paper presents a novel optimization approach to estimate short-term hosting capacity of distributed energy resources (DER) within a local distribution network. It emphasizes how DER day-ahead forecasts at various nodes can significantly impact both total and nodal hosting capacities. By analysing these forecasts, the distribution system operator (DSO) can proactively adjust the hosting capacity estimation to ensure network short-term operational security under different scenarios.  Our study case with Finnish urban network model confirms that nodes at the beginning of the feeder have higher nodal hosting capacity. Crucially, even 40 % variations in DER forecasts for these high-capacity nodes can substantially affect the entire network's hosting capacity. This highlights the paramount importance of accurate DER forecasts, particularly for these critical points within the DSO network.
1. Introduction 
Estimating the day-ahead hosting capacity (HC) of DER is vital for operational planning of distribution networks and making informed decisions about future actions. DER HC refers to the maximum amount of DERs that can be integrated into a distribution network without surpassing network operation limits, such as voltage or current limits, before needing control adjustments or system upgrades [1], [2]. Accurate DER hosting capacity estimation ensures that DSOs can integrate DERs into the network safely and reliably. However, day-ahead DER HC estimation is greatly affected by day-ahead DER forecasts. 
Various research efforts have focused on estimating the HC of distribution networks, as detailed in [3], [4]. Notably, deterministic approaches, such as that analysed by [5], have delved into flexibility from storage, PV power curtailment scenarios, substation overloading possibilities, and different load penetration levels in HC estimation. Reference [6] explored HC by varying DER penetration levels and assessing impacts on voltage fluctuations across various loading conditions. Similarly, [7] aimed for faster convergence in estimating HC, considering composite load models and complex power. Reference [8] investigated relationships between maximum PV generation, feeder impedance, load, and network HC. 
In general, HC estimation is affected by factors like load and DER scenarios, alongside network features and limitations such as voltage levels, the current carrying capacity of cables as well as overload limits of transformers, unbalances, harmonics, and flickers [9]. However, previous literature largely overlooked the effects of DER forecasts on HC estimation. This paper, therefore, tries to address this 

gap by examining the impacts of DER forecasts on nodal and total HCs of networks. The paper's main contributions can be summarised as follows: 
- Proposing a new optimization-based method using a piecewise linearized power flow model to estimate HC of distribution networks. - Suggesting that the DSO revises estimated short-term (day-ahead) HC based on day-ahead DER forecasts. This enables the DSO to ensure network operational security and reliability effectively. - Utilizing a real-world Finnish urban distribution network model to estimate HCs based on the proposed approach, alongside conducting thorough sensitivity analyses to demonstrate how individual node’s DER forecast can affect nodal and total HCs. 

The rest of the paper is organised as follows. Section 2 introduces the new optimization-based HC estimation, while Section 3 discusses revised HC estimation and DER forecast effects. Section 4 presents the case study, and Section 5 implements the proposed methodology on the case study and conducts sensitivity analysis. Finally, Section 6 discusses results and concludes the paper. 
2. Optimization-based Hosting Capacity Estimation 
The objective of HC estimation is to determine the maximum amount of power that DERs at all nodes can inject into the network under scenario 𝑠: 
max
𝐻𝐶𝑛,𝑠

∑ 𝐻𝐶𝑛,𝑠𝑛  (1) 
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Where, 𝐻𝐶𝑛,𝑠 represents the hosting capacity of node 𝑛 (i.e. nodal hosting capacity) estimated for scenario 𝑠. The objective function (1) is limited by distribution network power flow constraints. This paper uses the piecewise linearized power flow equations as described by [10], [11]. These constraints are formulated as follows: 
𝑃𝑛=𝑃𝑜𝐶,𝑠

2𝑛𝑒𝑡 + 𝐻𝐶𝑛,𝑠 − 𝑃𝑛,𝑠
𝐷 − ∑ (𝑃𝑛,𝑛′,𝑠

+ − 𝑃𝑛,𝑛′,𝑠
− +𝑛′

𝑅𝑛,𝑛′𝑆𝐼𝑛,𝑛′,𝑠) + ∑ (𝑃𝑛′,𝑛,𝑠
+ − 𝑃𝑛′,𝑛,𝑠

− )𝑛′ = 0 (2) 
𝑄𝑛=𝑃𝑜𝐶,𝑠

2𝑛𝑒𝑡 + 𝑄𝑛,𝑠
𝐷𝐸𝑅

𝑛,𝑠
− 𝑄𝑛,𝑠

𝐷 − ∑ (𝑄𝑛,𝑛′,𝑠
+ − 𝑄𝑛,𝑛′,𝑠

− +𝑛′

𝑋𝑛,𝑛′𝑆𝐼𝑛,𝑛′,𝑠) + ∑ (𝑄𝑛′,𝑛,𝑠
+ − 𝑄𝑛′,𝑛,𝑠

− )𝑛′ = 0 (3) 
𝑆𝑉𝑛,𝑠 − 𝑆𝑉𝑛′,𝑠 − 𝑍𝑛,𝑛′

2 𝑆𝐼𝑛,𝑛′,𝑠 − 2𝑅𝑛,𝑛′(𝑃𝑛,𝑛′,𝑠
+ − 𝑃𝑛,𝑛′,𝑠

− ) −

2𝑋𝑛,𝑛′,𝑠(𝑄𝑛,𝑛′,𝑠
+ − 𝑄𝑛,𝑛′,𝑠

− ) = 0 (4) 
𝑉2 ≤ 𝑆𝑉𝑛,𝑠 ≤ 𝑉̅2 (5) 
𝐼𝑛,𝑛′

2 ≤ 𝑆𝐼𝑛,𝑛′,𝑠 ≤ 𝐼𝑛,𝑛′
2 (6) 

𝑃 ≤ 𝑃𝑛,𝑠
2𝑛𝑒𝑡 ≤ 𝑃 (7) 

𝑄 ≤ 𝑄𝑛,𝑠
2𝑛𝑒𝑡 ≤ 𝑄 (8) 

𝑃𝑛,𝑛′,𝑠
+ + 𝑃𝑛,𝑛′,𝑠

− ≤ 𝑉𝑟𝑎𝑡𝑒𝑑𝐼𝑛,𝑛′  (9) 
𝑄𝑛,𝑛′,𝑠

+ + 𝑄𝑛,𝑛′,𝑠
− ≤ 𝑉𝑟𝑎𝑡𝑒𝑑𝐼𝑛,𝑛′ (10) 

𝑉𝑟𝑎𝑡𝑒𝑑2
𝑆𝐼𝑛,𝑛′,𝑠 = ∑ (2𝑖 − 1)𝑖 ∆𝑆𝑛,𝑛′  ∆𝑃𝑛,𝑛′,𝑠,𝑖 + ∑ (2𝑖 −𝑖

1) ∆𝑆𝑛,𝑛′  ∆𝑄𝑛,𝑛′,𝑠,𝑖  (11) 
𝑃𝑛,𝑛′,𝑠

+ + 𝑃𝑛,𝑛′,𝑠
− ≤ ∑ ∆𝑃𝑛,𝑛′,𝑠,𝑖𝑖  (12) 

𝑄𝑛,𝑛′,𝑠
+ + 𝑄𝑛,𝑛′,𝑠

− ≤ ∑ ∆𝑄𝑛,𝑛′,𝑠,𝑖𝑖  (13) 
0 ≤ ∆𝑃𝑛,𝑛′,𝑠,𝑖 ≤ ∆𝑆𝑛,𝑛′ (14) 
0 ≤ ∆𝑄𝑛,𝑛′,𝑠,𝑖 ≤ ∆𝑆𝑛,𝑛′ (15) 
∆𝑆𝑛,𝑛′ =

𝑉𝑟𝑎𝑡𝑒𝑑 𝐼
𝑛,𝑛′

𝑁𝑖  (16) 
𝑃𝑛,𝑛′,𝑠

+ , 𝑃𝑛,𝑛′,𝑠
− , , 𝑄𝑛′,𝑛,𝑠

+ , 𝑄𝑛′,𝑛,𝑠
− , 𝐻𝐶𝑛,𝑠 , ∆𝑃𝑛,𝑛′,𝑠, ∆𝑄𝑛,𝑛′,𝑠 ≥ 0 

(17) 
Where, constraint (2) is an active power balance equation, keeping balance between the active power entering/leaving the local distribution network, i.e. 𝑃𝑛=𝑃𝑜𝐶,𝑠

2𝑛𝑒𝑡 , the maximum power that can be injected into the network, 𝐻𝐶𝑛,𝑠, the power consumed by the local demand, 𝑃𝑛,𝑠
𝐷 , and the active power flowing through lines, indicating by ∑ (𝑃𝑛,𝑛′,𝑠

+ −𝑛′

𝑃𝑛,𝑛′,𝑠
− + 𝑅𝑛,𝑛′,𝑠𝑆𝐼𝑛,𝑛′,𝑠) + ∑ (𝑃𝑛′,𝑛,𝑠

+ − 𝑃𝑛′,𝑛,𝑠
− )𝑛′ . In this 

term, 𝑃𝑛,𝑛′,𝑠
+ denotes the active power that flows in a 

downstream direction from 𝑛 to 𝑛′. Correspondingly, 

𝑃𝑛,𝑛′,𝑠
− indicates the flowing active power from 𝑛 to 𝑛′ in an 

upstream direction. 
Constraint (3) applies the same balance as (2), between the reactive power injections and consumptions. It includes the reactive power entering/leaving the local distribution network at point of coupling (PoC), i.e. 𝑄𝑛=𝑃𝑜𝐶,𝑠

2𝑛𝑒𝑡 , the reactive power injected by the DER, 𝑄𝑛,𝑠
𝐷𝐸𝑅 , the reactive power consumed by the local demand, 𝑄𝑛,𝑠
𝐷 , as well as the reactive power flowing through the lines. Similarly,  

𝑄𝑛,𝑛′,𝑠
+ represents the reactive power flowing in a 

downstream direction from 𝑛 to 𝑛′ and 𝑄𝑛,𝑛′,𝑠
− is the reactive 

power transmitting from 𝑛 to 𝑛′ in an upstream direction. Moreover, 𝑅𝑛,𝑛′ , 𝑋𝑛,𝑛′ and 𝑍𝑛,𝑛′ refer to the resistance, reactance, and impedance of the line between 𝑛 and 𝑛′. 
It should be highlighted that (3) and (4) are applied at each node 𝑛 for each scenario 𝑠.  
Equation (4) describes the relationship between the lines’ flowing power and the voltages of nodes. In this constraint, 
𝑆𝑉𝑛,𝑠 serves as an alternative variable equal to the squared voltage at node 𝑛 under scenario 𝑠. Also, 𝑆𝐼𝑛,𝑛′,𝑠is an alternative variable substituting the squared current flowing between 𝑛 and 𝑛′ under scenario 𝑠. 
Constraints (5) and (6) restrict the squared voltages and squared currents to stay within their minimum values 
(𝑉2, 𝐼𝑛,𝑛′

2) and their maximum values (𝑉̅2, 𝐼𝑛,𝑛′
2). Similarly, constraints (7) and (8) limit the values of active and reactive power allowed to enter and exit the local distribution network, taking into account the capacity of the transformer. 𝑃 and 𝑄 represent the minimum active and 

reactive power, while 𝑃 and 𝑄 indicate the maximum active and reactive power ranges, respectively.  
Constraints (9) and (10) ensure that there is no congestion within the lines, where 𝑉𝑟𝑎𝑡𝑒𝑑 denotes the rated voltage.   
Constraints (11)-(16) pertain to the piecewise linearization technique applied to the power flow equations. In these constraints, 𝑖 is the index showing the partition used in piecewise linearization and 𝑁𝑖 indicates the total number of partitions. The parameter ∆𝑆𝑛,𝑛′  refers to the maximum apparent power that can flow between 𝑛 and 𝑛′ in the piecewise-linearized power flow. The variables ∆𝑃𝑛,𝑛′,𝑠,𝑖 and ∆𝑄𝑛,𝑛′,𝑠,𝑖 represent the discretised active and reactive power for partition 𝑖 flowing between 𝑛 and 𝑛′ under scenario 𝑠. 
After solving optimization problem (1)-(17) and identifying the maximum/optimum amount of nodal DER injection (𝐻𝐶𝑛,𝑠

𝑜𝑝𝑡) for each scenario, the nodal HC of the network is determined by finding the minimum value of the nodal DER injection across all scenarios. This implies that the nodal HC is obtained as follows: 
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𝑁𝑜𝑑𝑎𝑙 𝐻𝐶 =  𝐻𝐶𝑛
𝑜𝑝𝑡 =  min

𝑠
𝐻𝐶𝑛,𝑠

𝑜𝑝𝑡 (18) 
The total HC of the network is obtained by summing up the nodal HCs of the distribution network: 
𝐻𝐶 =  ∑ 𝐻𝐶𝑛

𝑜𝑝𝑡
𝑛  (19) 

3. The Impact of DER Forecasts on HC Estimation 
Assume that a DSO executes equations (1)-(18) to determine the maximum values for the nodal HC of its distribution network on a day-ahead basis. Thus, the DSO should utilize forecasted values of nodal consumption for the parameter 𝑃𝑛

𝐷. Additionally, it receives forecasts of nodal DER generation. Then, the following situations may arise: 
Case I) The forecasted DER generations are all equal or below the nodal HCs of the network. 
Case II) At some nodes, the forecasted DER generations exceed their estimated nodal HCs. 
Case III) The DER generation forecasts for nodes indicate that all nodes are expected to generate power exceeding their nodal HCs. 
The DSO does not need to take action in Case I. However, in Case II, the DSO can implement the following measures to ensure network security: 

1) Set the value of the nodal HC with higher DER forecast to be equal to their forecasts: 
𝐻𝐶𝑛,𝑠 = 𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑛 𝑖𝑓 𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑛 ≥ 𝐻𝐶𝑛

𝑜𝑝𝑡 (19) Where, 𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑛  is the DER generation forecast for node 𝑛. 2) Execute (1)-(18) with the fixed parameters of HC for those nodes whose DER forecasts are higher. Subsequently, if the optimization problem is solved, it gives you a new set of values for nodal HCs. Thus, the DSO revises its nodal and total HCs according to the new results. 3) If the optimization problem is not feasible, indicating that the network is not secure. The DSO may employ flexible energy resources, as proposed by [10], [12], to ensure network security. 
In Case III, the DSO can take the same measures and utilize flexible energy resources to make sure that its network will remain secure for the following day. 
4. Case Study 
This paper examines a Finnish urban LV network (Fig. 1) as a case study. The line parameters and line current capacities are detailed in [13]. The nominal voltage is set at 1 pu, with minimum and maximum voltage limits defined 

as 0.95 and 1.05 pu, respectively. Also, the power factor of loads and DERs were set to 0.8. 

 

Fig. 1. The studied Finnish urban LV network 
At each node of the Fig. 1 LV network, there are two or three detached houses. We extracted representative consumption data for one day from real data collected in 2019 in Finland. This data serves as representative scenarios for the optimization problem (1) to (17). The nodal consumption data is shown in Fig. 2. 

 

Fig. 2. Nodal consumption of the studied LV network (Fig. 1) 
5. Simulation Results 
5.1. HC Estimation 
First, the optimization problem defined by equations (1)-(17) was modelled and solved. Then, equations (18) and (19) were used to calculate HC for each node (nodal HC) and the total HC for the entire network.  

 

Fig. 3. Nodal HC estimated for the studied urban LV network in Fig. 1 
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To solve this optimization problem, we used a software package called CVXPY in Python [14]. The calculations were performed on a laptop equipped with 16 GB of RAM and a 13th Gen Intel Core i5-1335U processor. 
Fig. 3 displays bar charts representing the HC at each node of the Fig. 1 LV network. The Fig. 3 illustrates that nodes closer to the beginning of the LV feeder exhibit higher HC. Nodes further away from the MV/LV transformer (Fig. 1) have less capacity to accommodate DERs. Therefore, nodes b5 and b7 have the highest HC, while nodes b9 and b10 are the least capable for integrating DERs. For example, the HC of b1 is 14 times higher than that of b10. 
5.2. Impact of DER Forecasts on HCs 
The HC value of each node was separately increased to observe how the DER forecast of each node affected both the nodal and total HCs. Generally, when the HC of one node increased, which can indicate the DER forecast of that node, the HC of other nodes either stayed the same or decreased. Fig. 4 illustrates how increasing the HC of node b1 affects the hosting capacities of other nodes in the studied LV network (Fig. 1). 

 

Fig. 4. Variation of nodal hosting capacities (HCs) in relation to the hosting capacity of node b1 in the studied LV network (Fig. 1). 
On the other hand, a single HC increase up to a certain level did not affect the total HC of the network. This implies that if the DSO receives a higher DER forecast for a specific node, up to a certain threshold, it does not impact its original total HC estimation of the network.  
Fig. 4 illustrates the impact of increasing the HC of each node (in %) on the total HC of the network. As depicted in the Fig. 4, nodes closer to the beginning of the LV feeder (b1 and b5 in Fig. 1) can have a greater effect on changing the total HC. This suggests that the total HC can be more sensitive to DER forecasts of these nodes.  

 

Fig. 5. Variation in total HC concerning changes in the HC of individual nodes in % 
In Fig. 5, zero values for both total and nodal HCs indicate that the optimization problem (1)-(17) is infeasible. This infeasibility suggests that the distribution network cannot accommodate the planned amount of DER injection at the node. For example, if the forecasted DER at node b1 is 40 
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% higher than its primary estimated hosting capacity, the HC estimator optimization will not have a solution. This means that injecting such a high level of DER at b1 would violate one or more security limits of the network.  
6. Discussion and conclusion 
This paper proposed a new optimization-based approach to estimate the total and nodal DER hosting capacities in DSO network. The research emphasized that if the forecasted DER at a particular node exceeds the initial hosting capacity estimate, the DSO needs to revise its estimation of both the total network hosting capacity and the hosting capacity of nodes. This paper also studied different actions the DSO might take depending on the DER forecast scenario. 
The proposed hosting capacity estimator was studied with a Finnish urban LV network model. As expected, the results showed that nodes closer to the beginning of the LV feeder and close to the MV/LV transformer have higher hosting capacities. More importantly, the findings revealed that for these nodes with higher hosting capacities, even 40 % variations in the forecasted DER can significantly impact the total network hosting capacity. This underlines the critical role of accurate DER forecasts, especially for these nodes with higher hosting capacity. 
Based on the studies, it is recommended that DSOs first conduct a sensitivity analysis to assess how the network's hosting capacity reacts to different DER forecast levels. This analysis could help DSOs to identify which nodes have the greatest influence on the total network hosting capacity depending on the accuracy of the DER forecasts. 
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