
































Figure 1-1: The changing landscape of energy systems. [2] 











Figure 2-1: Taxonomy for classification of flexibilities. [27] 



Figure 2-2: Flexibility metrics in power systems operation including power, power ramp-rate, 
ramp duration and energy. [29] 



Figure 2-3: Power node concept, linking demand/supply with grid and storage capabilities. [32] 





Figure 2-4: Classification of typical DER that can be considered as FPU. [29] [41] 

Figure 2-5: Grid interconnection scheme for DER. 





Figure 2-6: Examples of characteristic curves for DG. (left) Q(U), (right) cos (P). [47] 





Figure 2-7: Evolving energy landscape with bidirectional power flows due to novel smart grid con-
cepts. [2] 



Figure 2-8: Four-quadrant grid operation chart based on generation reference system. 





Figure 2-9: Capability chart of a synchronous generator [6] [61]. 

Figure 2-10: Different connection topologies of PV arrays to the power grid. [64] [65] 



Figure 2-11: PV capability charts considering different control mechanisms. (left) Power inverter 
technical characteristics [67] [68], (center) Power factor limitation [70], (right) Reac-
tive power limitation [70]. 

Figure 2-12: PV capability charts considering limited reactive power control. (left) Unity power 
factor, (center) Constant power factor, (right) Q(U)/Q(P) controller. 



Figure 2-13: Type 3 wind generator - Doubly-Fed Induction Generator (DFIG). [72] [73] 



Figure 2-14: Type 4 wind generator - Full Power Converter Wind Turbine (FCWT)). [72] [73] 



Figure 2-15: Capability charts of DFIG WG. (left) Impact of slip of induction generator [74] [89], 
(center) Reactive power limits [90], (right) Impact of rotor voltage stability limits [77]. 

Figure 2-16: Capability charts of FCWT. (left) Impact of PCC voltage [82], (center) Reactive power 
restrictions of power inverter [85] [91], (right) Added capability of STATCOM [85] [91]. 



Figure 2-17: Different energy storage systems, categorized by form of energy (the dark shaded 
technologies cannot be considered as DER due to placement constraints). [92] 



Figure 2-18: ESS capability charts. (left) Full converter rating [95] [96], (right) Different charge/dis-
charge power limits [43]. 

Figure 2-19: ESS capability charts. (left) Simplified rectangular approximation [41], (right) Opera-
tion with unity or constant power factor. 





Figure 2-20: Capability charts of controllable loads. (left) Simple rectangular boundaries for loads 
with highly variable reactive power, (center) Power factor limitations, (right) Constant 
power factor and aggregated discrete flexibilities [97] [98]. 

Figure 2-21: PQ grid code requirements in selected European countries. [99] [100] 









Figure 3-1: Schematic representation of the FOR and FXOR notions applied to an ADN. [108] 



Figure 3-2: Simplified two-bus power system. [10] 
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Figure 3-3: Operational and stability constraints of two-bus system in the complex voltage refer-
ence frame. (left) Generator operational limits, (right) Grid constraints. [10] 

 

Figure 3-4: Capability chart of synchronous generator considering grid and generator constraints. 
(left) Complex voltage reference frame, (right) Complex power reference frame. [10] 
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Figure 3-5: Example of the Minkowski sum of two convex polytopes. Due to the commuting prop-
erty of the convex hull operator, the resulting polytopes are identical. [112] 
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Figure 3-6: Heat maps of four different rectangular bivariate PDF. (left to right) Normal, Uniform, 
Beta, and Rademacher PDF. [108] 

Figure 3-7: Generation process of bivariate PDF for irregular polygons from a histogram.  
(left) Medial axis and inscribed circles, (center) Constructed PDF from weighted topo-
logical map, (right) Resulting heat map of random samples. [108] 



Figure 3-8: Illustration of the two proposed approaches for the selection of random samples con-
sidering only combinations of vertices; vertices reduction and quadrants partition [108]. 
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Figure 3-9: Usage of the OPF objective function with values of parameters  and  and the as-
sessment of boundary points as minimization and maximization problems. 

min f(x)

max f(x)



Table 3-1: Parametrization of equation (3-28) to obtain four extremes FOR boundary points11. 

 



 

Figure 3-10: Rough approximation of the FOR by a rectangle defined by the four extreme IPF. 

Figure 3-11: FOR assessment with constant active power flow . [11] [55]. 



Figure 3-12: Lattice-based FOR assessment approach. (left) Optimization with constant active 
power exchange, (right) Optimization with constant reactive power. [124] [125]  

Figure 3-13: FOR assessment with constant power factor. [9] [103] 



Figure 3-14: Combined FOR exploration approach. (left) Optimization with constant power factor, 
(right) Optimization with constant reactive power. [22]. 

Figure 3-15: Iterative FOR exploration approach based on self-adaptive tangent lines. [23] 
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Figure 4-1: Exemplified procedure of finding the root of a one-dimensional function  using the 
iterative Newton-Raphson method. 
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Figure 4-2: Example of piecewise linearization of branch flow constraints with n = 8 [117]. 
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Figure 4-3: Characterization of the objective function and the FOR in the LFA method. 

 
x0 

max f(x)

min f(x)



 

Figure 4-4: Proposed Search procedure. (left) Assessment of four extreme points, definition of 
search quadrants I-IV and first iteration. (right) Update of  values and identification of 
new boundary points for each quadrant until convergence. 
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Figure 4-5: Schematic representation of proposed method to correct the linearization error in the 
FOR computation by performing an additional NR-PF. 



Figure 4-6: Linear constraints of six types of FPU, blue lines represent the apparent power limit. 



Table 4-2: Types of DER that can be described using the defined FPU types. 

Type 1 

Type 2

Type 3 

Type 4 

Type 5 

Type 6 

Type 0 

 

Table 4-3: Number of constraints produced by each FPU type model divided by type. 
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Figure 4-7: Impact of changing the grid topology on the power flows. (left) Open ring with different 
branch length, (center) Open ring topology, (right) Closed ring. [140] 



Figure 4-8: Example of possible topology configurations within a single distribution substation with 
two transformers and two supply lines. [139] 
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Figure 4-9: Time-variant capability chart of PV generator defined as Type 5 FPU. [141] 
 

 

Figure 4-10: Time-variant capability chart of wind generator defined as Type 4 FPU. [141] 
 

 

Figure 4-11: Variation of flexibility provision of ESS over time. The size of the polygon changes 
only according to the SOC limits. [141] 
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Figure 4-12: Schematic representation of the LFA aggregation process at the TSO/DSO interface 
combine with active power time-series. [141] 



Figure 5-1: Adapted CIGRE European MV distribution grid. (left) Including circuit breakers [140], 
(right) Adaptation with underlayered LV feeders [41] [144]. 



Figure 5-2: Adapted CIGRE European LV feeders. [144] 



Figure 5-3: 9-Bus 110 kV meshed grid with interconnection to three detailed MV feeders. 

Figure 5-4: 111-Bus 20 kV Radial Feeder 4. 

Figure 5-5: 74-Bus 20 kV Radial Feeder 5. 

Figure 5-6: 86-Bus 20 kV Radial Feeder 6. 
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Figure 5-7: Linearization error in the bus voltage angle and magnitude. (left) Voltage magnitude, 
(right) Voltage angle. 

Figure 5-8: Histogram of the error in the voltage angle and magnitude of all buses. (left) Voltage 
magnitude, (right) Voltage angle. 

Figure 5-9: Linearization error in the active and reactive branch flow. (left) Active power flow, (right) 
Reactive power flow. 

 

Figure 5-10: Histogram of the error in the branch flow among branches 1 to 3. (left) Active power 
flow, (right) Reactive power flow. 







Figure 5-11: Demonstration of LFA with FOR correction method with brute-force NR-PF computa-
tions. (left) MV Grid, (right) LV Feeder 2. 

Figure 5-12: FOR correction method for the LFA compared to brute-force NR-PF computations in 
the MV Grid with increasing branch impedance. (left) 200% branch impedance, (right) 
400% branch impedance. 

Figure 5-13: FOR correction method for the LFA compared to brute-force NR-PF computations in 
the LV feeder 2 with increasing branch impedance. (left) 200% branch impedance, 
(right) 400% branch impedance. 
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Figure 5-14: 3-Bus grid model with power line of variable length defined to evaluate the impact of 
the grid non-linearity in the FOR. 
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Figure 5-15: FOR with different power line lengths in a 20 kV grid with ±250 kW/kVAr flexibility. 

Figure 5-16: FOR with different power line lengths in a 20 kV grid with ±2.5 MW/MVAr flexibility. 



Figure 5-17: FOR with different power line lengths in a 0.4 kV grid with ±150 MW/MVAr flexibility. 





Figure 5-18: Superimposed FOR of valid switching states of S1-S6. (left) Without considering grid 
constraints, (right) With grid constraints (Unom±10%). 

Figure 5-19: Superimposed FOR of valid switching states in S1-S6. (left) Reduced voltage con-
straints Unom ± 5%, (right) Reduced branch flow constraints 0.35*Smax. 

Figure 5-20: Superimposed FOR with changing tap positions of OLTC transformer. (left) Default 
switching scenario (S4 & S6 open), (right) All valid switching scenarios. 
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Figure 5-21: FPG random capability charts connected at buses 4-12. [108] 



Figure 5-22: Comparison between RS and LFA methods with square FPU boundaries restricted 
to ±1 MW/MVAr limits. (left) With grid restrictions, (right) Without grid restrictions. 

Figure 5-23: Comparison between RS and LFA methods with square FPU boundaries restricted 
to ±1.5 MW/MVAr limits. (left) With grid restrictions, (right) Without grid restrictions. 



Figure 5-24: Comparison between RS and LFA methods with FPU boundaries restricted to 
±1 MW/MVAr limits. (left) With grid restrictions, (right) Without grid restrictions. 

Figure 5-25: Comparison between RS and LFA methods with FPU boundaries restricted to 
±1.5 MW/MVAr limits. (left) With grid restrictions, (right) Without grid restrictions. 



Figure 5-26: Distribution of similarity between RS approach with proposed PDF and LFA with 
±1 MW/MVAr FPG limits after 200 iterations. [108] 

Figure 5-27: Distribution of similarity between RS approach with proposed PDF and LFA with 
±1.5 MW/MVAr FPG limits after 200 iterations. [108] 
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Figure 5-28: FOR obtained with RS, ICPF and LFA methods with increasing number of FPG. 



Figure 5-29: Similarity of RS and adapted ICPF approaches compared to LFA with increasing 
number of FPG. 

Figure 5-30: Computation time with RS, adapted ICPF and LFA methods based on FPG number. 

Figure 5-31: Required computation time to obtain the FOR using the LFA method with increasing 
number of iterations  to assess additional boundary points. 
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Figure 6-1: Seasonal impact of PV generation in the FOR (PV increased in 200%). 

Figure 6-2: Seasonal impact of PV generation in the FOR (load increased in 150%). 





Figure 6-3: Impact of branches constraints in the FOR. (left) Only the transformer is limited to 50% 
of the original capacity, (right) All branches are limited to 50% of their original capacity. 

Figure 6-4: Seasonal impact of PV generation in the FOR (PV increased in 200%), considering 
time-invariant flexibility provided by a synchronous generator. 

Figure 6-5: Computation time to assess the FOR of a MV feeder over an entire month, serial 
computation in lighter color, and parallel computation in darker colors. 



Table 6-1: Summary of average FOR computation times in different scenarios. 
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Figure 6-6: Evolution of the FOR during an entire day (96 periods). (left) FOR including initial IPF, 
(right) FOR minus the IPF. 

Figure 6-7: Sequential FOR computation considering different time spans. The , i.e. the 
red polygon, becomes smaller as the time span increases. 

(6-2) 

 



Figure 6-8: Set of IPF that can be sustained for longer time-periods. The color map describes how 
long an operation point can be sustained starting from that specific time. 

Figure 6-9: Flexibility that can be sustained for longer time-periods. The color map describes how 
long an operation point can be sustained starting from that specific time. 







Figure 6-10: Multi-level aggregation approach, starting by aggregating the LV grids and using the 
resulting FOR as input for the aggregation of the MV grid. The operation of an entire 
MV can be described by a single FOR. 





Figure 6-11: FOR of the three analyzed LV feeders assuming 1 p.u. slack bus voltage. 

Figure 6-12: Resulting FOR of single-step and multi-level aggregation [41]. 



Figure 6-13: FOR of the three LV feeders computed using different slack bus voltages. 

Figure 6-14: Distribution of voltages in the combined LV/MV grid for a large number of random 
FPU operation points using Monte-Carlo simulations17. 







Figure 6-15: Comparison of FOR computation in single-step and multi-level aggregation with dif-
ferent slack bus voltages of the underlayered LV feeders. 

Figure 6-16: FOR of the three MV feeders computed using different slack bus voltages. 



Figure 6-17: FOR with bottom-up multi-level approach and impact of slack bus voltage correction. 



Table 6-2: Summary of average computation times of process stages and the total processing 
time (average of 20 repetitions of the experiment). 
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Figure 6-18: Congestion management concept coupled with multi-level aggregation. 
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Figure 6-19: Results of congestion management approach for a single day (96 periods). 

Figure 6-20: Operation point changes within FOR limits of the three MV feeders required to solve 
the congestion for each time-step. 



Figure 6-21: Processing time of congestion management approach based on quantity of FOR 
boundary points and sides of the maximal branch flow approximation.  
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Table B-1:  FPU parametrization of LV Feeder 1 

 

Table B-2:  FPU parametrization of LV Feeder 2 

 

Table B-3:  FPU parametrization of LV Feeder 3 

 
 



Table B-4:  FPU parametrization of MV Feeder 4 

Table B-5:  FPU parametrization of MV Feeder 5 

 



Table B-6:  FPU parametrization of MV Feeder 6 
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